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ABSTRACT
The tocols (α-, β-, γ- and δ- tocopherols (T); α-, β-, γ- and δ-tocotrienols (T3)) make up the
vitamin E family of antioxidants. Tocols have many health benefits. γ-T3 has been shown to protect
against harmful radiation effects in mice. During rice bran oil refining up to 90% of tocols in rice bran are
lost to the deodorizer distillate. The objective of this study was to optimize parameters for analyzing and
isolating tocols from rice bran oil deodorizer distillate (RBODD). NP-HPLC analysis of tocol standards
was optimized by testing ten mobile phases.

Tocol extraction was optimized by testing three

concentration solvents (acetonitrile, methanol, ethanol) using various solvent:RBODD ratios (5:1, 10:1,
15:1, 20:1) at two temperatures (4°C, -20°C).

Hexane (HX)-ethyl acetate (EA)-acetic acid (AA)

(97.3:1.8:0.9 v/v/v) provided baseline resolution of all eight tocols.

All interactions including

solvent*ratio*temperature had a significant effect on tocol levels in the extracts (p<0.0001). Acetonitrile
(10:1, 4°C) was the most efficient solvent with extracts containing 57.4 mg tocopherols/g concentrate and
61.4 mg tocotrienols/g concentrate. These conditions provided extracts with 1.55- and 1.34-fold higher
tocopherols and 2.23- and 1.82-fold higher tocotrienols than extracts obtained with ethanol and methanol,
respectively. Tocol contents in acetonitrile and ethanol extracts were highest when incubated at 4°C,
while tocol content in methanol extracts were highest at -20°C. Under the conditions described above,
tocopherol composition was 34.0% α-T, 3.4% β-T, 44.9% γ-T and 17.4% δ-T and tocotrienol composition
was 25.5% α-T3, 72.8% γ-T3 and 1.7% δ-T3. Flash chromatography may be used to isolate a fraction
rich in γ-T3 with a minimal proportion of alpha isomers, which may interfere with radioprotective
properties. Use of ~1% load size and silica sample cartridge provided acceptable tocol separation. A
mobile phase of 100% HX-EA-AA (97.3:1.8:0.9 v/v) gave a fraction with a concentration of 138.2 mg γT3/g extract (47.0% purity). This purity was significantly lower than the fraction obtained using a linear
gradient of 0.8% EA-AA (99.1:0.9 v/v) added to HX-AA (99.1:0.9 v/v), which contained 96.5% γ-T3 (69.3
mg/g). The ideal gradient system should be chosen according to the final usage of the γ-T3 fraction.
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CHAPTER 1
GENERAL INTRODUCTION
Rice is a staple for more than half the world’s population, with consumption growing in the United
States, Asia and Africa (USDA 2009). Arkansas is the leading rice-growing state, producing 42% of total
U.S. rice (NASS 2011). The milling step of white rice production involves removal of the bran layer, which
contains 18-22% oil (McCaskill and Orthoefer 1994). Until recently, rice bran was considered a byproduct of rice milling and was primarily used as a supplemental source of protein and vitamins B and E
in animal feeds. The development of heat stabilization techniques has allowed rice bran to be available in
other forms such as rice bran oil (Rice Knowledge Bank 2009).
The oil component of rice bran is a rich source of the vitamin E compounds tocopherols and
tocotrienols. These compounds, collectively known as tocols, possess lipid-soluble antioxidant activity,
and exist in nature in eight different isoforms: d-α-tocopherol (α-T), d-β-tocopherol (β-T), d-γ-tocopherol
(γ-T), d-δ-tocopherol (δ-T), d-α-tocotrienol (α-T3), d-β-tocotrienol (β-T3), d-γ-tocotrienol (γ-T3) and d-δtocotrienol (δ-T3) (Schauss 2008). While α-tocopherol is the only vitamin E compound to meet human
dietary vitamin E requirements (Moreau and Lampi 2012), the other tocols, especially tocotrienols, have
recently become of major research interest due to their potential human health benefits (Traber and
Atkinson 2007). Up to 90% of the tocols in rice bran are lost to the deodorizer distillate during the refining
process of rice bran oil production (Nicolosi and others 1994).
The primary role of vitamin E in the body is its antioxidant activity or ability to scavenge free
radicals and protect against oxidative stress (Eitenmiller and Lee 2004), which has been linked to a
number of diseases, including cancer, cardiovascular disease, diabetes and neurodegenerative diseases
(e.g. Alzheimer’s, Parkinson’s) (Cross 1987).

Tocols have also been shown to lower cholesterol by

inhibiting its biosynthesis, have anti-carcinogenic and anti-tumor effects by inducing apoptosis and
preventing proliferation in cancer cells and reduce the risk of other harmful disorders such as stroke,
cardiovascular disease and diabetes (Sen and others 2006).
It is of special importance due to the recent earthquake-induced nuclear situation at Fukushima
and the rising threat of radiological terrorism that γ-T3 has the ability to act as a radiation countermeasure
(Kumar and others 2008). Several studies have been conducted that investigate the degree to which γ1

T3 ameliorates radiation injury. Treatment with γ-T3 in irradiated mice resulted in increased survival
rates, improved hematopoietic recovery and reduced vascular oxidative stress caused by irradiation
(Ghosh and others 2009; Berbée and others 2009, 2010, 2011b). It has been suggested that δ-T3 may
also provide some significant radioprotective potential (Li and others 2010).

Outside of emergency

nuclear situations, the radioprotective effects of γ-T3 and δ-T3 may be useful in therapy for radiation
treatments in cancer patients as well (Kumar and others 2008). However, it has been proposed that α-T
may interfere with the radioprotective and anti-carcinogenic effects of γ-T3 and δ-T3 (Qureshi and others
2000a; Shibata and others 2010).
Therefore, there exists a need to develop efficient extraction methods of health-promoting
tocotrienols from rice bran oil deodorizer distillate, as well as analytical methods for the routine analysis of
tocols. In order to produce a fraction that can provide the radioprotective benefits of γ-T3, this compound
needs to be purified and α-T and T3 must be removed to prevent any potential antagonistic effect.
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CHAPTER 2
OBJECTIVES
Objective 1: To optimize analytical HPLC conditions for the baseline separation of all eight tocopherol
and tocotrienol isomers.

Objective 2: To optimize the extraction of tocotrienols and tocopherols from rice bran oil deodorizer
distillate.

Objective 3:

To optimize flash chromatography conditions for isolating γ-tocotrienol from tocol-rich

fraction of rice bran oil deodorizer distillate, while minimizing the presence of α-tocopherol and tocotrienol.
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CHAPTER 3
LITERATURE REVIEW
Rice at a Glance
Rice Industry.

Rice is a staple for more than half the world’s population, with consumption

growing in the United States, Asia and Africa (USDA 2009). In fact, world consumption of milled rice has
increased by 40% in the last 30 years, up from 61.5 kg per capita to 85.9 kg per capita (UNCTAD 2011).
The top producers of milled rice are China, India and Indonesia, with United States being the tenth largest
producer worldwide (USDAFAS 2012).
In the United States, rice production is dominated by four different regions of the country:
Arkansas Grand Prairie, Mississippi Delta, Gulf Coast and Sacramento Valley (USDA 2009). Among the
states in these regions, Arkansas is the largest rice-growing state producing 42% of total U.S. rice or
79,118 hundredweight of the 188,069 hundredweight produced in 2011 in the U.S. (NASS 2011). The
U.S. rice industry produced all types of rice, including long-, medium- and short-grain cultivars, as well as
aromatic and specialty varieties (USARF 2011b).
Rice Physiology. A mature rice kernel is made up of several parts (Figure 3.1). The hull, which
surrounds each whole grain of rice, is made up of very hard cellulose and fibrous tissues and is covered
with abrasive glass-like spikes. These physical characteristics allow the hull, also called the husk, to
protect the grain during maturation against insects, microorganisms and moisture (Belsnio 1988).
Underneath the hull is the bran layer, which is high in oil, vitamins and minerals (USARF 2011a). The
high oil content (18-22%) in rice bran makes it susceptible to oxidation, which leads to rancidity and
overall deterioration in quality of the rice (Belsnio 1988; McCaskill and Orthoefer 1994). The lipids found
in rice bran are vulnerable to two types of deterioration: hydrolytic and oxidative rancidity. Hydrolytic
rancidity is the type that primarily affects rice bran (McCaskill and Orthoefer 1994). After removing the
hull in the dehulling process, the rice is considered to be brown rice, a whole grain. Brown rice can be
further processed to produce white rice, which is made up of the starchy endosperm (germ) underneath
the bran. This processing step, called milling, employs pressure and abrasion between rice kernels to rub
off the bran layer to produce white or “polished” rice. Typically, the nutrients lost during milling are
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replaced by “enriching” the rice, done by coating white rice with a thin layer of thiamine, niacin, iron and
folic acid (USARF 2011a).

Figure 3.1. The anatomy of a rice kernel (USARF 2011a).
Rice Bran and Rice Bran Oil. As mentioned previously, rice bran is obtained by first dehulling
rough rice to produce brown rice. The brown rice is milled to remove the bran layer, resulting in white rice
(de Deckere and Korver 1996). Historically, the primary use of rice bran was as a supplemental source of
protein and vitamins B and E in feeds for ruminants and poultry. However, stabilization techniques have
been developed, leading to new uses for rice bran, such as the production of rice bran oil for cooking
(Rice Knowledge Bank 2009). After milling, the rice bran undergoes an extraction process to produce
rice bran oil (Figure 3.2) (Thai Edible Oil Group 2005). Rice bran oil may find use as either industrial
grade oil or edible oil. Petroleum-based solvents are used to extract oil from rice bran for industrial uses
(Roy and Chandra 1975). To produce edible oil, the oil is extracted from rice bran by solvent extraction
and/or hydraulic pressing. Various solvents may be used in oil extraction, though hexane is the most
commonly employed. Solvent extraction may take place in a batch-type or continuous extractor (Nicolosi
and others 1994). Rice bran contains the enzyme lipase, which is activated by the rice polishing process.
5

This results in rapid hydrolysis of rice bran lipids and an increase in fatty free acid content, leading to
rancidity. In order to prevent high levels of free fatty acid formation, the lipase must be inactivated by
heat immediately after milling (de Deckere and Korver 1996; Thai Edible Oil Group 2005). The rice bran
is stabilized by steaming, which thermally deactivates the lipase and also helps to free the oil from other
bran components. This treatment also assists in bran pellet formation, which provides shorter extraction
times because it allows for higher solvent percolation. The micella, which is the portion containing both
solvent and oil, is usually filtered, dewaxed and refined before distillation of the solvent, referred to as
desolventizing. Oil extraction produces crude rice bran oil, as well as defatted bran, wax and soaps of
fatty acids (Nicolosi and others 1994).

Figure 3.2. Process flow diagram of crude RBO production.
Once the crude rice bran oil is obtained, it is refined to produce high quality rice bran oil, which
contains 12% of the rice bran raw material (Thai Edible Oil Group 2005) (Figure 3.3). During the refining
process, the oil undergoes degumming, neutralization, bleaching, dewaxing, winterization and
deodorization. The rice bran oil is degummed using agents such as phosphoric or citric acids to hydrolyze
gums found in the oil, which are polar lipids with surface-active properties.

The oil is heated and

hydrated, and the wet gums are separated by centrifugation. The free fatty acids in the oil are then
6

neutralized with caustic soda (NaOH), which converts them to sodium soaps. The soaps are hydrated
and removed by centrifugation.

The oil is bleached to remove pigments, oxidized lipids and polar

components. This is done using acid-activated bleaching clays, which are removed after bleaching by
filtration. Dewaxing involves cooling the micella (15°C) to achieve crystallization and then removing the
suspended waxes by either filtration or centrifugation. Next, the oil is winterized to remove high melting
triglycerides. The oil is cooled further (5°C), and the crystallized glycerides are removed by filtration to
produce stearine (high melting fraction) and oil (low melting fraction). Deodorization is done as the last
step to remove odors, flavors and free fatty acids from the oil fraction. This is done by steam distillation,
which uses high vacuum, steam purging and high-heat treatment (4-8 mmHg, 3-5% steam, 220-250°C) of
the oil.

This process removes volatile compounds, including aldehydes, ketones and peroxides.

Unsaponifiables, such as tocopherols, sterols and tocotrienols, are also removed from the oil, resulting in
deodorizer distillate with a high level of these compounds. Up to 90% of the oryzanol and tocotrienols
may be lost from rice bran oil during the refining process (Nicolosi and others 1994).

Figure 3.3. Process flow diagram for purified RBO and RBODD production.
Rice bran contains several compounds that act as nutraceuticals, which are natural compounds
that provide benefit beyond basic nutrition. These compounds include the antioxidant oryzanol and the
vitamin E isomers tocopherols and tocotrienols (Shin and others 1997).
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Vitamin E
Vitamin E is the collective name for a family of eight major compounds that possess lipid-soluble
antioxidant activity: d-α-tocopherol, d-β-tocopherol, d-γ-tocopherol, d-δ-tocopherol, d-α-tocotrienol, d-βtocotrienol, d-γ-tocotrienol and d-δ-tocotrienol (Schauss 2008). The vitamin was first discovered in 1922
by Evans and Bishop, who found that supplementation with the then-unknown dietary factor was
beneficial in reproductive studies with rats (Evans and Bishop 1922). These researchers named the
compound vitamin E, since vitamin D had recently been discovered (Eitenmiller and Lee 2004).

Figure 3.4. Structures of tocopherols and tocotrienols.
The parent compound of the eight compounds is tocochromanol, or tocol (2-methyl-2-(4’,8’,12’trimethyltridecyl)-chroman-6-ol) (Eitenmiller and Lee 2004). The main difference in structure between
tocopherol and tocotrienol is the degree of saturation of their hydrophobic tails.

Tocopherol has a

saturated phytyl tail, and tocotrienol has an unsaturated farnesyl isoprenoid tail (Schauss 2008). α-, β-, γand δ-tocols are characterized by the number and position of methyl substituents on the aromatic ring
(DellaPanna 2005) (Figure 3.4; Table 3.1).
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Table 3.1
Trivial and Chemical Names of the Tocopherols and Tocotrienols
Trivial name
Chemical name
Abbreviation
Tocopherol
2-methyl-2-(4’,8’,12’-trimethyltridecyl)chroman-6-ol
α-tocopherol
5,7,8-trimethyltocol
α-T
β-tocopherol
5,8-dimethyltocol
β-T
γ-tocopherol
7,8-dimethyltocol
γ-T
δ-tocopherol
8-methyltocol
δ-T
Tocotrienol
2-methyl-2-(4’,8’,12’-trimethyltrideca-3’,7’,11’-trienyl)chroman-6-ol
α-tocotrienol
5,7,8-trimethyltocotrienol
α-T3
β-tocotrienol
5,8-dimethyltocotrienol
β-T3
γ-tocotrienol
7,8-dimethyltocotrienol
γ-T3
δ-tocotrienol
8-methyltocotrienol
δ-T3
(Eitenmiller and Lee 2004)
Tocopherol has three asymmetric carbons (2, 4’ and 8’), and only RRR-tocopherols are found in
nature.

Synthetic tocopherols (all-rac-tocopherol), produced by condensing isophytol with tri-, di- or

monomethyl hydroquinone, are equimolar racemic mixture of eight stereoisomers (Ghosh and others
2008). Tocotrienol has only one chiral center at carbon 2, and so only 2D and 2L stereoisomers are
possible. Because of the double bonds in the phytyl tail, there are four cis/trans geometric isomers.
Only the 2R, 3’-trans, 7’-trans isomers exists in nature (Eitenmiller and Lee 2004).
There are two tocotrienols that have been recently discovered:

desmethyl tocotrienol [3,4-

dihydro-2-methyl-2-(4,8,12-trimethyltrideca-3’(E),7’(E),11’-trienyl)-2H-1-benzopyran-6-ol] and didesmethyl
tocotrienol [3,4-dihydro-2-(4,8,12-trimethyltrideca-3’(E),7’(E),11’-trienyl)-2H-1-benzopyran-6-ol].

These

compounds were isolated from stabilized and heated rice bran. They exhibit similar hypocholesterolemic
properties as known tocotrienols, though their antioxidant and antitumor properties may be greater
(Qureshi and others 2000a).
α-T is the only vitamin E compound to meet human dietary vitamin E requirements. While all
tocols are equally absorbed, α-T is preferentially retained by hepatic α-tocopherol transfer protein (α-TTP)
(DellaPanna 2005). Although the body prefers α-T, all of the naturally occurring vitamin E forms are
thought to have similar antioxidant activities. The other tocols, especially tocotrienols, have recently
become the subject of research regarding their relevance to human health (Traber and Atkinson 2007).
γ-T3 and δ-T3 have been found to have potent anticancer, hypocholesterolemic and antioxidant
properties, as well as radioprotective effects (Schauss 2008).
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Vitamin E is not synthesized by the human body and must be obtained from the diet. α-T is the
main form present in nearly all green plant tissues and animal products, though tocotrienols are found in
abundance in edible oils originating from plants (Gregory 2008; Zielinski 2008). Rice bran oil and palm
oil, for instance, are very rich sources of tocotrienols.

In human nutrition, both tocopherols and

tocotrienols are obtained primarily from cereal grains such as oat, barley, rye, wheat, corn and rice
(Zielinski 2008). Deodorization of rice bran oil and palm oil results in a high level of tocotrienols in the
deodorizer distillate, up to 1% vitamin E by weight. Vitamin E is also available commercially, as pure
standards, oils and concentrates, powders, gelatin microcapsules and water-soluble vitamin E
supplements (Eitenmiller and Lee 2004).
Vitamin E deficiency is rarely due to dietary insufficiency. Typically, a deficiency results from
genetic abnormalities in α-TTP, fat malabsorption syndromes or protein-energy malnutrition. Vitamin E
deficiency affects the central nervous system, with symptoms including peripheral neuropathy,
spinocerebral ataxia, skeletal myopathy and pigmented retinopathy (Institute of Medicine 2000).
The primary role of vitamin E in the body is its antioxidant activity. Vitamin E scavenges free
radicals and defends against cellular damage they impart. α-T modulates cell signaling by inhibiting
protein kinase C (PKC). This results in protection against inflammation and atherosclerosis, regulation of
cell proliferation, enhancement of immune response and regulation of free radical production.

It is

believed that α-T also regulates gene expression at the transcriptional stage (Eitenmiller and Lee 2004).
Tocotrienols have been shown to lower cholesterol and protect against cancer and other diseases.
These beneficial effects are discussed in detail in the “Health Benefits of Rice Bran and Tocols” section of
this review.
Chemical syntheses of all four tocotrienol isomers have been achieved, but the process yields
inactive l isomers in addition to the active d isomers (Qureshi and others 2000a).

Some research

suggests that chemically synthesized γ-T3 and δ-T3 purified from natural sources have identical
biological activities (Wright and others 1990). However, the bioavailability of synthetic α-T was shown to
be half that of natural α-T in the longer term (Burton and others 1998).

10

Analysis
Sample Preparation for Chromatography Analysis
Tocols are lipid soluble and are readily soluble in organic solvents.

Thus, extraction of

tocopherols and tocotrienols is usually performed by direct solvent extraction. A common approach for
oils containing high levels of vitamin E is to dilute the oil with solvent before HPLC analysis. If the oil is
sparingly soluble, sample cleanup procedures must be done (Eitenmiller and Lee 2004). The solvent
used for extraction must be able to liberate tocols from lipophilic membranes and to reach tocols within
the water phase. When tocols are to be extracted from cereal grains or processed foods, saponification
(alkaline hydrolysis) may be employed to break down interactions between tocols and other compounds
like carbohydrates and proteins (Moreau and Lampi 2012). With both direct and saponification extraction
methods, dehydration by use of disodium sulfate is a critical post-extraction step in order to ensure
stability of the lipophilic tocols (Lee and others 2003). Also, extraction conditions should be controlled in
order to prevent oxidation. It is recommended to work under subdued lighting, low temperature and in an
inert atmosphere (Moreau and Lampi 2012).
Solvent Extraction. Solvent extraction is the simplest preparation method, as it requires only
evaporation of the solvent and dissolving the residue in the mobile phase (Moreau and Lampi 2012).
Extraction of tocopherols and tocotrienols from a simple matrix such as oil is possible by diluting the
sample with hexane or mobile phase and directly injecting onto a normal-phase column (Eitenmiller and
Lee 2004). Extra steps may be needed depending on the type of sample. When extracting tocols from
plasma, deproteinization with ethanol may be done first to facilitate extraction (Lee and others 2003). Oil
seeds and other solid samples should be ground to a fine, homogenous powder to enhance tocol
extractability (Leo and others 2005). Soxhlet extraction has been shown to be a highly reproducible and
efficient method for extracting tocopherols from soybeans. This method yielded higher recovery values
(94-110%) of tocopherol homologs than saponification and direct solvent extraction methods (Lim and
others 2007). The Folch method is another typical solvent extraction procedure. Both the Soxhlet and
Folch methods require more time and solvent and are therefore less than ideal (Fratianni and others
2002). Common solvents used for tocol extraction include hexane (Shin and Godber 1994; Kramer and
others 1997; Ryynänen and others 2004; Sundl and others 2007; Heinemann and others 2008), diethyl
11

ether (Verleyen and others 2001; Ko and others 2008), ethanol (Ito and others 2005) and solvent
mixtures such as hexane-ethyl acetate (Abidi 2003; Panfili and others 2003), heptane-ethyl acetate
(Lampi and others 2008), hexane-butylated hydroxytoluene (BHT) (Lee and others 2000) and heptanediethyl ether (Schwartz and others 2008).
Alkaline Hydrolysis Assisted Extraction.

Alkaline hydrolysis, or saponification, uses KOH to

improve the extractability of tocols. This step has many purposes, including destruction of protein, lipid
and carbohydrate complexes; hydrolysis of triacylglycerols, phospholipids, and tocopherol and tocotrienol
esters; removal of pigments or other interfering substances; and facilitation of vitamin E extraction by
disrupting the sample matrix. All of these effects enhance the extractability of tocols within the food
matrix (Eitenmiller and Lee 2004). Alkaline hydrolysis is more commonly needed with reversed-phase
HPLC analysis, since co-extracting neutral lipids do not interfere in normal-phase chromatography. In
high-fat samples, though, it may be beneficial to remove lipids by saponification to prevent interference in
normal-phase chromatographic analysis (Kramer and others 1997). Several studies have suggested that
saponification is needed for solvent extraction of tocols, in order to transform the lipid esters into their
corresponding alcohols (Fratianni and others 2002; Panfili and others 2003; Ryynänen and others 2004).
A method to extract vitamin E from broccoli and tomato was optimized using response surface
methodology (RSM) in 2000 (Lee and others 2000). The researchers determined optimal saponification
conditions were a sample size of 7.5 g saponified by 8.4-8.9 ml of 60% KOH for 50.7-54.3 minutes at
70°C with 30.1-35.0% ethanol and confirmed the conditions by ridge analysis. While this method is
specific to vitamin E extraction in tomato and broccoli, the study shows that the RSM technique may be
helpful in optimizing saponification-assisted extraction parameters for other sources.

Typically an

antioxidant such as BHT, pyrogallol or ascorbic acid is added to the saponification mixture to avoid
oxidation of the analyte (Kramer and others 1997; Fratianni and others 2002; Abidi 2003; Lee and others
2003; Panfili and others 2003; Ryynänen and others 2004; Schwartz and others 2008).
Alternative Extraction Methods. There are several alternatives to the traditional solvent extraction
methods for tocol analysis. Supercritical fluid extraction (SFE) is an environmentally friendly technique
that uses little or no solvents. Extraction parameters (temperature, fluid density) are easily optimized and
managed, and extraction is relatively fast (Moreau and Lampi 2012). Although recoveries of tocols may
12

not be as high with SFE compared to the Soxhlet and Folch extraction methods, the benefits of SFE, e.g.
little manipulation of sample, less degradation of vitamins and reduction in time and solvents, may
outweigh the lower tocol recoveries (Fratianni and others 2002). Another method to reduce the laborintensive preparation for tocol analysis is pressurized liquid extraction (PLE), also known as accelerated
solvent extraction (ASE).

PLE of residue oil from pressed palm fiber (PPF) samples yielded higher

concentrations of α-T3 and γ-T3 compared to those obtained by using Soxhlet extraction. In the same
study, the researchers observed a 4-fold reduction in solvent consumption and a 16-fold reduction in
extraction time with PLE compared to the Soxhlet method (Sanagi and others 2005).

Solid-phase

extraction (SPE) has recently been applied to concentrate tocols from extracts and has many potential
applications. In fact, SPE is now one of the more preferred extraction methods for fractionation of a tocolrich fraction (Moreau and Lampi 2012). Virgin olive oil α-T was concentrated by silica cartridge SPE, with
α-T first being retained in the cartridge and then being eluted with hexane/diethyl ether (99:1 v/v)
(Grigoriadou and others 2007).

Molecularly imprinted (MI) polymers were synthesized to selectively

extract and purify α-T from crushed vegetable samples using SPE (Puoci and others 2007).
Extraction of Tocols from Deodorizer Distillate. A recent study aimed to concentrate the tocols
present in RBODD, finding that treatment with acetonitrile yielded a tocol concentration of 85.0 mg/g,
which was significantly higher than any other solvent tested, including methanol (51.6 mg/g), ethanol
(37.1 mg/g) and hexane (34.9 mg/g). These researchers cooled tocol concentrates to -20°C to crystallize
and remove sterols, and used saponification and extraction with diethyl ether to prepare the tocol extracts
for HPLC analysis (Ko and others 2008). Soybean oil deodorizer distillate (SODD) is a good source of
tocopherols and phytosterols. SODD was chemically treated by saponification with potassium hydroxide
at 65°C to release conjugated fatty acids from acylglyercol molecules. Then, molecular distillation was
done to remove the free fatty acids (FFAs) and fatty acids of acylglycerols. The tocopherols were then
extracted from the residue using ethanol-water (90:10 v/v) (Ito and others 2005).
Isolation of Tocols using Flash Chromatography. Flash chromatography is commonly used for
laboratory-scale purification of synthetic compounds, fractionation of complex mixtures, and isolation of
compounds from natural sources.

This type of chromatographic technique uses short columns with

solvent flow accelerated by application of modest pressure.

The columns are typically packed with
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particles of intermediate size (40-63 µm) and may be applied for both reversed-phase and normal-phase
separations.

While resolution may be decreased with flash chromatography compared to HPLC,

operational costs are lower and compounds may be recovered in higher purity (Poole 2003). Qureshi and
others (2000a) utilized flash chromatography to prepare 95% or greater pure fractions of α-T, α-T3, β-T3,
γ-T3, and a δ-T/δ-T3 mixture from rice bran using a silica column and an elution gradient of hexane with
increasing amounts of diethyl ether. These researchers have used this flash chromatography method for
isolating large quantities (~9 g) of tocotrienol-rich fraction from rice bran for use in cholesterol studies
(Qureshi and others 2000b, 2001b, 2002; Qureshi and Peterson 2001). Wan and others (2008) used a
low-pressure column chromatography system to purify individual tocopherol isomers from SODD. The
researchers tested the effects of eluent, flow rate and load size on separation efficiency. Under optimal
conditions, α-, γ- and δ-tocopherols were isolated at 92.35%, 91.23% and 89.95% purity, respectively,
with very little sample preparation. Cyclohexane and ethanol were used in varying volume ratios.
Chromatography Analysis Methods
Many chromatographic techniques can be used for characterization of lipid antioxidants, such as
column chromatography, thin layer chromatography (TLC), gas chromatography (GC), normal- and
reversed-phase HPLC, among others.

TLC and column chromatography are the least expensive

techniques, though they offer only rough estimates of the antioxidants in samples (Abidi 2000). Prior to
the 1990s, GC was thought to be the most precise method for vitamin E analysis. GC techniques have
become less routinely used with the increased popularity of HPLC methods. However, GC still sees use
when identifying tocopherols and tocotrienols in complex matrices. Tocols are usually analyzed as their
ester or trimethysilyl derivatives to improve volatility (Moreau and Lampi 2012). Based on the literature,
the majority of researchers prefer normal-phase HPLC methods for tocol analysis (Kamal-Eldin and
others 2000; Panfili and others 2003; Ryynänen and others 2004). Kamal-Eldin and co-workers (2000)
were able to achieve baseline separation of all four tocopherols and all four tocotrienols using a diolbonded silica column (250 mm × 4 mm) with an isocratic mobile phase of hexane-methyl-tert-butyl ether
-1

(MTBE) (96:4 v/v) (2 ml min ) (Figure 3.5). A previous study (Shin and Godber 1994) was able to isolate
all eight isomers with normal-phase semi-preparative HPLC, using a silica column with a mobile phase of
-1

hexane-ethyl acetate-acetic acid (97.3:1.8:0.9 v/v/v) (3 ml min ). Similar separation using the same
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column and mobile phase was achieved more recently (Fratianni and others 2002; Panfili and others
2003).

Figure 3.5. Normal-phase baseline separation of Ts and T3s with a diol column and a mobile phase of
hexane-MTBE (96:4 v/v) (Kamal-Eldin and others 2000).
Stationary and Mobile Phases. Although reversed-phase columns are generally known to be
more stable and more durable than normal-phase columns, most cannot separate the beta and gamma
isomers of tocopherols and tocotrienols (Kramer and others 1997; Abidi 1999). However, it was possible
to separate all tocol isomers with RP-HPLC using a non-silica octadecanoyl polyvinyl alcohol (ODPVA)
column and a polar pentafluorophenylsilica column (Abidi 1999, 2003). Because normal-phase columns
are able to separate all tocol isomers, including the beta and gamma isomers, and are more selective for
fat-soluble vitamins, most researchers rely heavily on normal-phase techniques for tocol analysis (KamalEldin and others 2000). Also, normal-phase silica-based columns allow for direct injection of oil in the
case of vitamin E analysis in fats and oils. If the sample contains large amounts of polar lipids, however,
they may precipitate out of the nonpolar mobile phase (Eitenmiller and Lee 2004). Most researchers use
polar silica columns for separation of mixed tocol samples, such as LiChrosorb Si 60 (Kamal-Eldin and
others 2000; Lee and others 2000; Ko and others 2008) and Supelcosil LC-Si (5 µm) (Shin and Godber
1994; Heinemann and others 2008). Silica may be modified by adding moieties to form new stationary
phases, such as diol-bonded silica, which is slightly less polar than non-bonded silica (Abidi 2000). Diolbonded columns have been employed in several studies for normal-phase separation of tocols (Kramer
and others 1997; Kamal-Eldin and others 2000; Moreau 2006; Moreau and others 2007).
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Most normal-phase mobile phases are hexane-based binary systems, with organic modifiers such
as tetrahydrofuran (Moreau and others 2007), methyl-tert-butyl-ether (Abidi 2000; Moreau 2006),
isopropanol (Tan and Brzuskiewicz 1988; Kramer and others 1997; Lee and others 2000; Ito and others
2005; Lim and others 2007; Peterson and others 2007; Ko and others 2008) and dioxane (Ryynänen and
others 2004; Amaral and others 2005; Sanagi and others 2005; Sundl and others 2007). A heptanebased mobile phase with 3% 1,4-dioxane (by volume) was used in some studies (Lampi and others 2008;
Schwartz and others 2008). Ternary systems have also been effective mobile phases, such as hexaneethyl acetate-acetic acid (Frattiani and others 2002; Panfili and others 2003; Heinemann and others
2008). Kamal-Eldin and others (2000) compared chromatographic tocol analysis across several different
column and mobile phase combinations, and it was found that hexane-1,4-dioxane and hexane-MTBE
provided the best separation. Gradient techniques may be applied in instances of complex matrices
(Abidi 2000). For example, Shin and Godber (1994) isolated the eight tocol isomers using a gradient of 015% tetrahydrofuran (THF) in hexane on a semi-preparative HPLC system.
Elution Characteristics. It has been well established that with normal-phase chromatography, the
eight vitamin E homologues elute in order of increasing polarity: α-T→α-T3→β-T→γ-T→β-T3→γ-T3→δT→δ-T3 (Abidi 2000). The elution order indicates that the polarity of the tocols decreases as the number
of methyl groups increases (Tan and Brzuskiewicz 1989). It is important to note that shorter HPLC run
times provide larger analyte resolution (Abidi 2003).
Detection Methods.

Tocols can be detected using ultraviolet (UV), fluorescence (FLD),

electrochemical (EC) or evaporative light scattering (ELSD) detectors (Eitenmiller and Lee 2004). In
terms of sensitivity, these types of detectors follow this trend: EC>FLD>UV>ELSD (Abidi 2000). The
most commonly used detector for vitamin E is FLD, while ELSD has been shown to be especially
effective when analyzing tocols in blood and serum samples, and tocols that were resolved by RP-HPLC.
The enhanced sensitivity of FLD over UV is due to the fact that two wavelengths are used compared to
one (280 nm) for UV detection. The chromanol ring structure of tocols has fluorescence properties of
maximal excitation at 294 nm and emission at 326 nm (Moreau and Lampi 2012). Also, antioxidants used
to protect analytes from oxidation may cause background interference with UV detection, as was seen
with ascorbic acid (Lee and others 2003). ELSD is much less sensitive than the other detectors and is
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not used much due to high operating cost and instrument complexity (Eitenmiller and Lee 2004). Cunha
and others (2006) found that the connection of a diode array detector (DAD) with FLD provided more
information from one analysis of the tocols in olive oil than the use of a UV or ELSD. However, when
tocols were analyzed by both FLD and a charged aerosol detector (CAD), it was observed that the CAD
was less sensitive and gave a chromatogram with several large, unidentified peaks (Moreau 2006).
HPLC methods interfaced with mass spectrometry (MS) allow for simultaneous separations and
quantification (Abidi 2000). RP-HPLC coupled with MS analysis of tocopherols was found to be a fast,
selective, sensitive and accurate method for the determination of the four tocopherol homologues in
sunflower oil and milk (Lanina and others 2007).
Traditional Nonchromatography Analysis Methods
Before chromatography methods became popular, a spectrophotometric method was used to
measure total tocopherols. The original technique involved ferric chloride with absorbance measurement
at 520 nm (Rawlings 1944). Fourier transform infrared (FTIR) spectroscopy been used for analysis of
vitamin E in canola, flax, soybean and sunflower oils (Ahmed and others 2005). A rapid FTIR method has
been developed to quantify α-T in vegetable oils (Silva and others 2008).
Health Benefits of Rice Bran and Tocols
Radioprotective Effects
Ionizing Radiation Exposure. Exposure to ionizing radiation, whether during emergency nuclear
situations or during cancer radiotherapy treatment, may cause significant injury to human tissues. For
many years, there has been threat of a terroristic attack using nuclear/radiological methods. Nuclear
terrorism has become the less likely option because radiological dispersion devices (RDDs or “dirty
bombs”) can be more readily made and used for radiological terrorism. The threat takes a variety of
forms from detonation of RDDs to attacks on nuclear power plants and other nuclear facilities (Kumar and
others 2008). As menacing as the potential for a terroristic radiological attack may be, each day many
people experience the harmful effects of radiation as they undergo therapy to eradicate cancer. Around
one million people in the United States turn to radiotherapy as cancer treatment each year (NCCN n.d.).
There is also the risk of large-scale accidental exposure to radiation at nuclear power plants. Situations
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may arise like the 2011 earthquake-induced incident at Fukushima or the Chernobyl accident in 1986,
which resulted in mass exposure to people living near or working in the facilities (Berbée 2011).
Effects of Radiation. Whether exposure occurs during clinical or non-clinical situations, radiation
can cause serious damage to body cells in several ways. Hematopoietic syndrome, which occurs at
radiation doses of 1 to 6 Gy, occurs when radiation targets cells in the bone marrow, spleen and lymph
nodes. Because these are the primary sites of blood cell production (hematopoiesis), hematopoietic
syndrome results in the depletion of red blood cells, white blood cells and platelets, leading to severe
sensitivity to infections and the increased possibility of hemorrhagic complications. Gastrointestinal (GI)
syndrome occurs after exposure to 6 Gy or more of radiation, and affects the cells lining the digestive
tract. Symptoms include loss of appetite, severe diarrhea, luminal hemorrhage, massive loss of fluids
and electrolytes, dehydration, infection and death. Survival from GI syndrome is very unlikely. Even with
advanced medical attention and support, only about 50% of people with GI syndrome survive (Bushberg
2009).

Radiation in high doses (>20-30 Gy) causes damage to the central nervous system (CNS),

inducing what is known as CNS syndrome. This degree of radiation causes death within a few days of
exposure. The specific mechanism of death, though not fully understood, may result from a variety of
CNS effects, such as neurologic and cardiovascular breakdown as well as hematopoietic and GI
symptoms (Kumar and others 2008).
The development of preventive or protective measures against harmful radiation effects is of vital
importance. Because of the differing types of radiation exposure, the radioprotectant must be applicable
whether administered before or during exposure. It also must be nontoxic for all populations even at high
doses, easily administered, fast acting, effective, stable, as well as simple, inexpensive and easy to store
(Kumar and others 2008).
Mechanisms of Radiation Injury. Radiation affects molecules within body tissues through either
direct or indirect action, both of which produce free radicals. Biomolecules such as DNA, enzymes and
plasma and nuclear membrane constituents are affected directly through excitation and ionization, while
an indirect reaction occurs between radiation and water in the system. These types of reactions produce
-

the following free radicals, in order of highest to lowest toxicity: hydroxyl radical (OH∙), superoxide (O2∙ )
and hydrogen peroxide (H2O2) (Kumar and others 2008).
18

+

Direct reaction

Radiation + TH (target biomolecule) ! T (target free radical) + H + e

Indirect reaction

Radiation + H2O + e ! H2O + e

-

+

-

-

-

H2O + e ! H∙ + OH∙ (hydroxyl radical)
Also

-

-

H2O + e ! eaq (hydrated electron)
-

-

eaq + O2 ! O2∙ (superoxide)
A series of interdependent reactions occurs post-irradiation to cause endothelial dysfunction. As
a result of the radiation-induced free radical production, cells go into a state of oxidative stress. This
results in the rapid oxidation of BH4 (5,6,7,8-tetrahydrobiopterin), a critical cofactor for endothelial nitric
oxide synthase (eNOS) enzymes, to 7,8-dihydrobiopterin (BH2). Nitric oxide (NO) is diminished as it
reacts with the superoxide radical to produce toxic peroxynitrite (OONO-), a potent inducer of cell death
(Kumar and others 2008; Berbée and others 2010). A combination between the depletion of BH4 and the
increasing production of peroxynitrite contribute to the oxidation of BH4, leading to eNOS uncoupling,
which results in further superoxide and peroxynitrite production at the cost of NO. These biological
cellular changes cause dysfunction of NO synthase, followed by vascular endothelial dysfunction, which
has been linked to diabetes, hypertension, arteriosclerosis and other diseases (Berbée and others 2010).
The presence of peroxynitrite results in many biological actions with harmful consequences, such as
neurodegeneration, diminished ability of cells to protect against oxidant and free-radical damage, reduced
anti-inflammatory ability, Lewy body formation (through protein aggregation), among others (Szabó and
others 2007). Ultimately, the harmful effects of radiation may result from a combination of reactions
caused by the introduction of radiation to the biological system, beginning with increased oxidative stress
and malfunctioning eNOS (Berbée and others 2010).
Tocols as Radiation Countermeasures. For many years, tocols have been considered attractive
candidates for protection against negative radiation effects due to their antioxidant activities and lack of
performance-degrading toxicity. More recently, γ-T3 has become the focus of research as a nutraceutical
with immense potential to be a radio-prophylactic agent. Numerous studies have been done on α-T and
its derivatives as a radiation countermeasure (Bichay and Roy 1986; Srinivasan and Weiss 1992;
Felemovicius and others 1995; Mutlu-Türkoğlu and others 2000; Kumar and others 2002; Singh and
others 2010). δ-T3 may also have some significant radioprotective potential. Li and others (2010) found
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δ-T3 to protect 100% of total body irradiated (TBI) mice after 30 days. A single dose of δ-T3 increased
mouse bone marrow recovery as well as human hematopoietic stem and progenitor cell proliferation postTBI.

Current research suggests that γ-T3 may be a more potent radioprotectant than α-T due to

suggested higher antioxidant activity.

Because of this, γ-T3 and its radioprotective properties have

become a high-priority focus in recent studies.
Gamma-Tocotrienol as a Radioprotectant.

A research group led by Berbée has published

several recent studies reporting the degree to which γ-T3 ameliorates radiation injury and the proposed
mechanisms involved. In a 2009 study, Berbée and others found that survival rates at 30 days post-TBI
of irradiated mice were increased from 0% to 88% when treated with 400 mg/kg γ-T3 twenty-four hours
prior to total body irradiation (TBI). Median survival time also significantly increased from 11.5 to 30 days
(p=0.0001). This confirms the same findings of another study the same year (Ghosh and others 2009).
As radiation dose increases, so does severity of symptoms. Berbée and others (2011b) found that γ-T3
only significantly improved survival rate in mice irradiated at 10.5 and 11.5 Gy, but mortality was
increased at 12.5 Gy. Structural injury to the intestines was less in γ-T3-treated mice, and increased
recovery of mucosal surface area after irradiation was observed. γ-T3 treatment also caused improved
survival of crypt colony cells (tissue stem cells of the intestinal mucosa) (Berbée and others 2009, 2011b).
Increased hematopoietic recovery was seen in γ-T3-treated mice, with significantly higher counts of
leukocytes, erythrocytes and platelets (p=0.01, p=0.01, p=0.01) at 14 days post-TBI compared to vehicletreated mice (Berbée and others 2009). Hematopoietic toxicity was also significantly reduced in the study
by Ghosh and others (2009). Spleen colonies 12 days after 8.5 Gy irradiation were significantly higher in
γ-T3 mice (p=0.0008) (Berbée and others 2009).

Research by Kulkarni and others (2010) provides

evidence that γ-T3 protects bone marrow stem and progenitor cells in irradiated mice. Hence, the effect
of γ-T3 on hematopoietic recovery after radiation may be dependent upon its ability to preserve
hematopoietic tissue. In addition, γ-T3 attenuated immune system dysfunction and reduced vascular
oxidative stress.

A single dose of γ-T3 protected against vascular peroxynitrite production 3.5 days

(p=0.004) post-TBI

(Berbée and others 2009, 2010).

A later study also found γ-T3 to reduce

peroxynitrite production (Berbée and others 2011b).
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Mechanisms of Gamma-Tocotrienol Radioprotective Properties.

The exact mechanisms

underlying the radioprotective effects of γ-T3 have not yet been determined, though it may be through
many means. It is thought that HMG-CoA reductase inhibition plays a role in γ-T3 radioprotection. Unlike
statins, which directly inhibit HMG-CoA reductase, both γ-T3 and δ-T3 mimic sterols in that they stimulate
ubiquitination and degradation or HMG-CoA reductase by mediating the formation of the reductase-Insig
complex. γ-T3 was found to be more selective compared to δ-T3 (Song and others 2006). Several in
vivo (Pearce and others 1992; Qureshi and others 1986, 2000b) and in vitro (Parker and others 1993)
studies have found that γ-T3 supplementation reduces HMG-CoA reductase activity by posttranscriptional actions.

Berbée and others (2009) provide evidence that γ-T3 decreases radiation-

induced vascular oxidative stress through the inhibition (degradation) of HMG-CoA reductase. In mice, γT3 offered significant protection against peroxynitrite production (p=0.004), which was reversed by
mevalonate treatment. The literature shows that γ-T3 restores the bioavailability of BH4 by reducing the
expression of GFRP (guanosine triphosphate cyclohydrolase 1 (GTPCH) feedback regulatory protein), a
key regulatory protein in BH4 metabolism.

However, the decrease in expression was reversed by

mevalonate with γ-T3, which suggests that this effect depends on the inhibition of HMG-CoA reductase
activity (Berbée and others 2010).
The radioprotective effects of γ-T3 may stem from its potency in inducing transcriptional gene
expression changes. γ-T3 effectively modified the expression of 898 genes, which corresponded to 233
biological processes, including response to oxidative stress, response to DNA damage stimuli, regulation
of cell death, regulation of cell proliferation, regulation of inflammatory response, hematopoiesis, blood
vessel development and others, which are related to the cellular response to radiation. α-T and γ-T only
had effects on 39 and 172 genes, respectively, which may provide insight as to the mechanism by which
γ-T3 is a more potent radioprotective countermeasure (Berbée and others 2011a).
The antioxidant power of γ-T3 may also be partly responsible for its radioprotective effects. The
peroxynitrite produced during radiation-induced uncoupling is a reactive nitrogen species (RNS). γ-T3 is
a more efficient RNS scavenger than α-T, so it can be surmised that γ-T3 is a more effective
radioprotectant.

This was seen in a side-by-side comparison at the Armed Forces Radiobiology

Research Institute (AFRRI), where mice were injected with a 400 mg/kg dose of either α-T or γ-T3 twenty21

four hours prior to 11 Gy of TBI. None of the control mice or mice given α-T survived, while a survival
rate of 40% was seen in mice given γ-T3 (Kumar and others 2008). This may be because intestinal
epithelial cells absorb γ-T3 faster than α-T (Tsuzuki and others 2007). However, it may also be because
γ-T3 is a more potent antioxidant than α-T (Qureshi and others 2000a). It may be a combination of its
antioxidant activity and its ability to protect against vascular, hematopoietic and GI injury that makes γ-T3
such a strong radioprotectant.
Potential for Synergistic Effects Between Gamma-Tocotrienol and Other Agents. Combination
therapy may have great potential in enhancing the radioprotective effects of γ-T3. Pentoxifylline (PTX) is
a phosphodiesterase inhibitor that exhibits antioxidant, immunomodulatory and vascular properties
(Kumar and others 2008). It has also been shown to be effective in treating some radiation-induced side
effects alone (Okunieff and others 2004) and when combined with vitamin E (Delanian and others 2003;
Boerma and others 2008). When PTX was injected along with γ-T3 into mice before irradiation, 100%
survival was observed after 30 days in mice exposed to 10.5, 11.5 and 12.5 Gy irradiation. Lethality was
decreased in the γ-T3 only groups, but only in mice exposed to 10.5 and 11.5 Gy TBI. Spleen colony
counts were significantly higher when PTX was used in addition to γ-T3. While combination treatment did
not affect leukocyte and erythrocyte levels, platelet recovery at day 14 was improved compared to
treatment with γ-T3. This suggests that combination treatment may be a viable way to enhance survival
post-irradiation possibly by means of improved hematopoietic recovery (Berbée and others 2011b).
Potentially, the somatostatin analog SOM230 (Pasireotide) and γ-T3 could be combined to reduce
intestinal injury to a greater degree by acting through different mechanisms. SOM230 has been shown to
ameliorate intestinal injury by reducing exocrine pancreatic secretion (Fu and others 2009), while γ-T3
improves crypt cell survival (Berbée and others 2009, 2011b).
Antioxidant Activity
Lipid Oxidation and Oxidative Stress. Oxidation plays a role in biological systems as well as food
products. Oxidative stress occurs in the body when there is an imbalance between the generation and
removal of reactive oxygen species (ROS).

In vivo ROS, such as free radicals (hydroxyl, peroxyl,

superoxide radicals), as well as reactive non-radical oxygen species (hydrogen peroxide), may be created
by naturally occurring endogenous processes (mitochondrial electron transport, defense phagocytes), as
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well as exogenous sources (ionizing radiation from the sun, environmental pollutants, changed
atmospheric conditions) and lifestyle stressors (smoking, alcohol consumption) (Ho and others 2008). As
mentioned previously, radiotherapy for cancer also greatly increases oxidative stress (Kumar and others
2008; Berbée and others 2010). In food products, any lipids present may undergo oxidation during
storage. Not only does lipid oxidation lead to food deterioration, nutrient loss, undesirable flavors and
odors, and overall decreases in palatability, shelf-life and consumer acceptance (McClements and Decker
2008), but it is also thought that ingestion of oxidized lipids may promote oxidative stress (Eitenmiller and
Lee 2004).

Increased oxidative stress due to the overproduction of ROS has been linked to many

diseases, such as cancer, cardiovascular disease, diabetes, neurodegenerative diseases (e.g.
Alzheimer’s, Parkinson’s) and immune diseases, as well as the aging process (Cross 1987).
Mechanisms of Oxidation and Vitamin E Antioxidant Activity.

Lipid oxidation, also called

autooxidation, occurs in three steps: initiation, propagation, and termination.
Initiation

RH → R∙ + H∙

Propagation

R∙ + O2 → ROO∙
ROO∙ + RH → ROOH + R∙

Termination

R∙ + R∙ → RR
RO∙ + RO∙ → ROOR

In the initiation step, an hydrogen radical is abstracted from an unsaturated fatty acid to form an
alkyl radical. During propagation, the alkyl radical reacts with oxygen to form peroxyl radicals, which
propagates the abstraction of another hydrogen from another unsaturated fatty acid. This results in the
formation of a hydroperoxide and a new alkyl radical. This cyclic process continues until termination,
when radicals react with each other to form stable non-radical species (Dobarganes 2009).
Antioxidants help prevent the cellular damage that occurs through oxidation, which is the normal
pathway for cancer, aging, and many diseases (Simone and Palozza 2008). Tocols donate hydrogen
atoms to scavenge lipid peroxyl radicals resulting in the formation of tocopheroxyl radicals, which may
also scavenge another free radical to form stable products (Chen and others 2011).
ROO· + TOC → ROOH + TOC·
ROO· + TOC· → ROO-TOC (stable)
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Tocols are capable of quenching singlet oxygen, ROS and reactive nitrogen species, thus
terminating the oxidative chain reaction before vital molecules, such as proteins, DNA and lipids, are
damaged (Ho and others 2008; Simone and Palozza 2008; Moreau and Lampi 2012).
tocopheroxyl radicals become pro-oxidants when present in high concentrations.

However,

In this case, lipid

peroxides decompose faster to initiate more oxidations.
ROOH + TOC· → ROO· + TOC
RH + TOC·→ R· + TOC
It is possible that through metabolic processes, these radicals may be regenerated to tocopherols
in vivo, though they do not do so in vitro (Seppanen and others 2010).
There is no clear consensus on the order of antioxidant activity of the tocols. Some studies show
different effects of tocotrienols and tocopherols, while others have found similar activities between the
two. It is thought that all eight tocols would exert similar activity, because of the side chain at the 2position of chromanols (Yoshida and Niki 2008). When measured in organic solutions to mimic biological
membranes, α-T has generally been found to be a more potent antioxidant compared to the other tocols.
This is because it is more capable of donating a hydrogen atom due to its chemical structure (Traber and
Atkinson 2007). Also, α-T has two ortho-methyl substituents, which decreases tendency toward oxidation
(Kamal-Eldin and Appelqvist 1996). However, because α-T is the most reactive, it is also the most
unstable, which may cause pro-oxidation activity, thereby decreasing its antioxidant activity in food
systems (Seppanen and others 2010). Seppanen and others (2010) report that tocotrienols exhibit better
antioxidant effects than tocopherols, with γ-T3 having the best effect in oil systems. Qureshi and others
(2000a) found that tocotrienols were 4-33-fold more potent antioxidants than α-T, with the order of activity
being δ-T3>γ-T3>α-T3>α-T in an in vitro liposome system. This agrees with recent findings of an in vitro
lipid peroxidation inhibition study by Simone and Palozza (2008).
However, Xu and others (2001) compared the antioxidant activity of α-T, α-T3, γ-T and γ-T3 and
found significant similar antioxidant activities in the inhibition of cholesterol oxidation. In solutions and
membranes, tocotrienols had similar antioxidant activities to tocopherols (Yoshida and others 2003). The
same conclusion was drawn in a study that investigated the eight tocols using five different in vitro assays
(FRAP, α-TEAC, DPPH, ORAC and CL) (Müller and others 2010).
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It may be that a combination of tocols offers the best antioxidant protection. The E vitamer
fraction of rice bran was found to be as effective at scavenging the free radical DPPH as synthetic
antioxidants BHT and BHA. This suggests vitamin E may find use as a natural antioxidant replacement in
food systems (Kim 2005).
Cholesterol-Lowering Effects
High blood cholesterol, especially low-density lipoprotein (LDL) cholesterol, has been shown to
increase the risk of cardiovascular disease (McClements and Decker 2008). Cholesterol reduction due to
the consumption of rice bran, rice bran oil or rice bran products (e.g. defatted rice bran, rice bran oil gum,
rice bran oil wax) has been reported in hamsters (Newman and others 1992; Kahlon and others 1991,
1992, 1996; Ausman and others 2005; Wilson and others 2007), humans (Lichtenstein and others 1994;
Gerhardt and Gallo 1998; Qureshi and others 2002; Most and others 2005; Eady and others 2011),
monkeys (Nicolosi and others 1991), mice (Hundemer and others 1991) and pigs (Marsono and others
1993). Conflicting results have been reported in rats (Topping and others 1990; Anderson and others
1994), humans (Kestin and others 1990; Lichtenstein and others 1994) and monkeys (Nicolosi and others
1991; Malinow and others 1976).

The results of these studies suggest that the unsaponifiable

components (tocotrienols, oryzanol and sterols) are responsible for the hypocholesterolemic abilities of
rice bran and rice bran oil, as opposed to the fatty acid composition. It is postulated that tocotrienols,
especially γ-T3, lower cholesterol by inhibiting HMG-CoA reductase, the rate-limiting enzyme in
cholesterol biosynthesis (Kerckhoffs and others 2002). Several studies have shown tocotrienol to inhibit
HMG-CoA reductase activity (Qureshi and others 1991; Khor and others 1995; Song and others 2006;
Berbée and others 2009), many focusing on the ability of γ-T3 specifically (Pearce and others 1992;
Parker and others 1993; Qureshi and others 1986, 2000b).
Anti-Carcinogenic Effects
Tocotrienols have been shown to have anti-carcinogenic effects in numerous in vivo and in vitro
studies, primarily due to their antiproliferative and apoptotic effects.

Direct comparisons between

tocotrienols and tocopherols show that tocotrienols are significantly more potent than tocopherols and
exhibit a biopotency relationship of δ-T3≥γ-T3>α-T3>δ-T>>γ-T=α-T (McIntyre and others 2000a, 2000b).
There is a general consensus among researchers that γ-T3 and δ-T3 are the most potent anti-cancer
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agents of the known existing tocols (Sen and others 2006). In many cases, γ-T and α-T were ineffective
in cancer cell growth inhibition (Yu and others 1999; Nesaretnam and others 1995, 1998, 2000; Sylvester
and others 2001). Recently it was found that δ-T3 exerts dose-dependent inhibition of vessel formation in
mice implanted with human colorectal adenocarcinoma cells (Shibata and others 2008) and apoptosis
induction in human breast cancer cells, regardless of estrogen receptor status (Shun and others 2004).
γ-T3 also has the potential for use as a therapeutic dietary supplement, as was seen in a murine model
where γ-T3 suppressed the growth of melanoma cells, human breast adenocarcinoma and leukemic cells
(Mo and Elson 1998).
Tocotrienols have been found to have anti-carcinogenic activity for several types of cancer.
These compounds have been shown to inhibit the growth of human breast cancer cells (McIntyre and
others 2000a, 2000b; Nesaretnam and others 1995, 1998, 2000) and to delay the onset and severity of
induced mammary tumors in mice (Gould and others 1991; Iqbal and others 2003; Nesaretnam and
others 2004; Abdul Hafid and others 2010). The exact mechanism of apoptosis induction by tocotrienols
is unknown, though there are several possible mechanisms, including mediation by caspase activation
(Shah and others 2003; Sakai and others 2004), inhibition of G-protein-mediated activation of adenylyl
cyclase and cAMP production (Sylvester and others 2002), endometrial reticulum (ER)-stress-mediated
apoptosis (Park and others 2010) and disruption of mitochondrial function (Takahashi and Loo 2004).
Tocotrienols also exhibit protective effects against the severity of hepatocarcinogenesis in rats (Ngah and
others 1991). Long-term feeding of tocotrienol-rich fraction (TRF) (6 months) reduced the number of
neoplastic nodules seen in rats (Rahmat and others 1993; Iqbal and others 2004). Supplemented TRF
was shown to play a role in the liver’s ability to clear out toxic substances generated as a result of
carcinogenesis (Iqbal and others 2003, 2004). Tocotrienols, specifically γ-T3, have antiproliferative and
apoptotic effects in prostate cancer cells (Conte and others 2004; Srivastava and Gupta 2006; Yap and
others 2008), colon carcinoma cells (Agarwal and others 2004; Shibata and others 2010), as well as
suppression effects in melanoma tumors (He and others 1996).
In some cases, treatment of tocotrienols combined with another compound may provide
synergistic effects against cancer cell growth. Co-supplementation with γ-T3 and β-ionone (an end-ring
analogue of β-carotenoid known to exert cancer chemopreventive effects in several organs) reduced
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melanoma cell numbers in mice by 68%, which was greater than the sum of the individual effects (59%)
(He and others 1996). Conflicting results have been seen for other combination therapies. γ-T3 has
been reported to be a better inhibitor of human breast cancer cells in vitro than tamoxifen, a synthetic
antiestrogen widely used in hormone therapy of breast cancer. When used in combination, treatment
with both TRF and tamoxifen inhibited cell proliferation more effectively than either compound alone
(Guthrie and others 1997). In contrast, a recent human clinical trial found no statistically significant
synergistic effect of combined TRF and tamoxifin therapy on survival of women with early breast cancer
(Nesaretnam and others 2010). Inconsistent results have also been reported for α-T and selenium. In an
early in vivo study, rats supplemented with both α-T and selenium developed fewer tumors than rats
given α-T or selenium alone (p<0.05) (Hovarth and Ip 1983). However, in a more recent study, α-T and
selenium did not act as chemopreventive agents in the rat prostate, whether administered together or
alone (McCormick and others 2010). The mixed results of these studies provide evidence that more
research is needed to determine the efficacy of synergistic treatments of tocols and other compounds in
protecting against cancer.
Other Health Benefits
Research suggests that vitamin E may be able to reduce the risk of cardiovascular disease and
stroke (Schaffer and others 2005), protect against neurological disorders such as stroke and Alzheimer’s
(Morris and others 2005; Das and others 2008; Mangialasche and others 2010) and act as a potential
therapy for diabetes (Qureshi and others 2001a; Nazaimoon and Khalid 2002; Kuhad and others 2009).
Interference of Alpha-Tocopherol
Some studies suggest that α-T may interfere with beneficial effects of tocotrienols. Shibata and
others (2010) demonstrated that α-T attenuates the ability of δ-T3 to induce apoptosis in cancerous cells
by inhibiting cellular uptake of δ-T3. An abundance of literature has revealed the ability of γ-T3 to lower
HMG-CoA reductase activity in order to reduce harmful effects of radiation (Pearce and others 1992;
Parker and others 1993; Qureshi and others 1986; 2000b). Multiple studies found that in contrast to this
effect of γ-T3, supplementation with α-T increased HMG-CoA reductase activity in chickens (Pearce and
others 1992; Qureshi and others 1996, 2000a). In fact, co-administration of α-T and γ-T3 attenuated the
impact of γ-T3 in suppressing HMG-CoA reductase activity (Qureshi and others 1996). α-T has also been
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shown to increase metabolism of α-T3, but not γ-T3, in rats (Ikeda and others 2003). The preferential
retention of α-T and excretion of γ-T3 may be due to the catalytic activity of tocopherol-ω-hydroxylase
(CYP4F2) (Sontag and Parker 2007). Tocotrienols are commonly available in the form of tocotrienol-rich
fraction (TRF), which contains approximately 13-25% tocopherol and 75-87% tocotrienol (Qureshi and
others 2001b; Sylvester and others 2002). Therefore, coexisting tocopherol in TRF may interfere with the
radioprotective and anti-carcinogenic activities of tocotrienols, a potential challenge that should be
considered when developing therapies using TRF (Shibata and others 2010).
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CHAPTER 4
EXTRACTION AND ANALYSIS OF TOCOLS FROM RICE BRAN OIL DEODORIZER DISTILLATE
Abstract
The tocols [alpha (α-T), beta (β-T), gamma (γ-T) and delta (δ-T) tocopherols; alpha (α-T3), beta
(β-T3), gamma (γ-T3), and delta (δ-T3) tocotrienols] make up the vitamin E family of antioxidants.
Studies show tocols to have many health benefits. γ-T3 has been shown to protect against harmful
effects of radiation in mice. During rice bran oil refining up to 90% of tocols in rice bran are lost to the
deodorizer distillate. The objective of this study was to optimize parameters for isolating tocols from rice
bran oil deodorizer distillate (RBODD). NP-HPLC analysis of tocol standards was optimized by testing
ten mobile phases on a silica column. Extraction of tocols was optimized by testing three concentration
solvents (acetonitrile, methanol, ethanol) using various solvent:RBODD ratios (5:1, 10:1, 15:1, 20:1) at
two temperatures (4°C and -20°C). Hexane/ethyl acetate/acetic acid (97.3:1.8:0.9) provided baseline
resolution of all eight tocols. All interactions including solvent*ratio*temperature had a significant effect
on tocol levels in the extracts (p<0.0001). Acetonitrile (10:1 ratio, 4°C) was the most efficient solvent with
extracts containing 57.4 mg total tocopherols/g concentrate and 61.4 mg total tocotrienols/g concentrate.
These conditions provided extracts with 1.55- and 1.34-fold higher total tocopherols and 2.23- and 1.82fold higher total tocotrienols than extracts obtained with ethanol and methanol, respectively.

Tocol

contents in acetonitrile and ethanol extracts were highest when concentrated at 4°C, while tocol content
in methanol extracts were highest at -20°C. Under the optimal conditions described above, tocopherol
composition was determined to be 34.0% α-T, 3.4% β-T, 44.9% γ-T and 17.4% δ-T and tocotrienol
composition was 25.5% α-T3, 72.8% γ-T3 and 1.7% δ-T3.
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Introduction
Rice bran oil (RBO) produced by the extraction of oil from stabilized rice bran is consumed widely
in China, Thailand and Japan, among other Asian countries. Because of its potential as a functional food,
American usage of RBO has increased in recent years (Cheruvanky and Thummala 1991). The oil
component of rice bran is a rich source of the vitamin E compounds tocopherols and tocotrienols. These
compounds, collectively known as tocols, possess lipid-soluble antioxidant activity, and exist in nature in
eight different isoforms: d-α-tocopherol (α-T), d-β-tocopherol (β-T), d-γ-tocopherol (γ-T), d-δ-tocopherol
(δ-T), d-α-tocotrienol (α-T3), d-β-tocotrienol (β-T3), d-γ-tocotrienol (γ-T3) and d-δ-tocotrienol (δ-T3)
(Schauss 2008).

Most of the tocols are stripped from the crude RBO during the refining process,

particularly the deodorization step. Up to 90% of the tocols present in rice bran are lost to the deodorizer
distillate, making this by-product a valuable source of health-promoting tocols (Nicolosi and others 1994).
Tocols, especially tocotrienols, have recently become of major research interest due to their
potential health benefits (Traber and Atkinson 2007). Tocols are known to be excellent antioxidants
capable of scavenging free radicals to protect against oxidative stress (Eitenmiller and Lee 2004), which
has been linked to a number of diseases, including cancer, cardiovascular disease, diabetes and
neurodegenerative diseases (e.g. Alzheimer’s, Parkinson’s) (Cross 1987). Tocols have also been shown
to lower cholesterol, have in vitro anti-carcinogenic and in vivo anti-tumor effects and reduce the risk of
other harmful disorders such as stroke, cardiovascular disease and diabetes (Sen and others 2006). γT3 also has the ability to act as a radiation countermeasure (Kumar and others 2008). Mice that were
treated with γ-T3 prior to exposure to a lethal dosage of radiation had increased survival rates, improved
hematopoietic recovery and reduced vascular oxidative (Ghosh and others 2009; Berbée and others
2009, 2010, 2011b). δ-T3 may also provide some significant radioprotective potential (Li and others
2010). However, co-administration of α-T caused interference with the hypocholesterolemic and anticarcinogenic effects of γ-T3 and δ-T3 and may adversely affect the radioprotective properties of γ-T3
(Qureshi and others 1996, 2000a; Shibata and others 2010). Methods for the isolation and quantification
of tocols are needed in order to further biomedical and pharmaceutical studies on their health
applications.
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High-pressure liquid chromatography (HPLC) is the most commonly used chromatographic
technique for tocol analysis. Although reversed-phase columns are generally known to be more stable
and more durable than normal-phase columns, most cannot separate the beta and gamma isomers of
tocopherols and tocotrienols due to their closely related structures (Kramer and others 1997; Abidi 1999).
Therefore, most researchers rely on normal-phase HPLC with unmodified silica columns and
fluorescence detection for tocol analysis (Abidi 1999; Kamal-Eldin and others 2000).

Methods for

extraction of tocols from simple foods such as vegetable oils have been well established. However, tocol
extraction from more complex matrices requires further cleanup steps such as saponification and
deproteinization. Alkaline hydrolysis assisted extraction improves the extractability of tocols by destroying
protein, lipid and carbohydrate complexes, hydrolyzing triacylglycerols and phospholipids and
transforming tocol esters into corresponding alcohols (Fratianni and others 2002; Eitenmiller and Lee
2004). Other extraction methods may be used, though these methods are not as efficient as solvent
extraction. Examples of these methods include supercritical fluid extraction, solid-phase extraction and
pressurized liquid extraction (Sanagi and others 2005; Moreau and Lampi 2012).
Little research has been done to investigate the isolation of tocols from rice bran oil deodorizer
distillate (RBODD). The complex composition of RBODD necessitates reliable analytical techniques for
the extraction, isolation and analysis of individual tocol components, especially health-promoting
tocotrienols. Furthermore, an analytical HPLC method is needed to provide reproducible separation of
tocols for routine analysis.

Materials and Methods
Apparatus. Chromatographic measurements were made on an HPLC system consisting of a
Waters Alliance 2690 separations module, a Waters 474 fluorescence detector, and Empower Pro 2
Software (Waters Corp., Milford, MA). Peaks were detected at an excitation wavelength of 294 nm and
an emission wavelength of 326 nm.
Materials. Rice bran oil deodorizer distillate (RBODD) samples were provided by Riceland Foods
(Jonesboro, AR).

The samples were combined and thoroughly mixed to ensure consistent tocol

distribution, and divided into screw-top 50-ml bottles, with 50-60 g per bottle. Samples were stored at 31

80°C, and individual bottles were thawed when needed for extraction by incubating bottles at room
temperature for 4-5 hours, or until product was free of ice crystals. After thawing, each bottle of RBODD
was mixed thoroughly before removing subsamples. Standards of α-, β-, γ- and δ-tocotrienols and α-, β-,
γ- and δ-tocopherols (94-95% purity) were purchased from Yasoo Health, Inc. (Johnson City, TN).
Mobile Phase Optimization.

Mixture of tocol standards (α-, β-, γ- and δ-tocotrienols and

tocopherols) in hexane were used for testing. Based on previous literature (Abidi 2000; Kamal-Eldin and
others 2000; Andersson and others 2008), HPLC separations were carried out on a Luna Silica column
(250 x 4.6 mm i.d., 5 µm particle size) (Phenomenex, Torrance, CA). The ten mobile phases tested for
performance are listed in Table 4.1. Run time was 35 min.
Table 4.1
The different mobile phases used for normal-phase HPLC
No.
Components
Ratio of components
1
Hexane-ethyl acetate-acetic acid
97.3:1.8:0.9
2
Hexane-ethyl acetate-acetic acid
98.4:0.8:0.8
3
Hexane-1,4-dioxane
96:4
4
Hexane-tert-butyl methyl ether
90:10
5
Hexane-tert-butyl methyl ether
96:4
6
Hexane-isopropanol
98.8:1.2
7
Hexane-isopropanol
99:1
8
Hexane-isopropanol
99.3:0.7
9
Hexane-isopropanol
99.8:0.2
10
Isooctane-ethyl acetate
97.6:2.4
Calculation of Peak Resolution.

Flow rate
-1
1.23 ml min
-1
1.23 ml min
-1
1.23 ml min
-1
1.23 ml min
-1
1.23 ml min
-1
1.00 ml min
-1
1.00 ml min
-1
1.00 ml min
-1
1.00 ml min
-1
1.23 ml min

Peak resolution (RS) was calculated as a measure of the

separation between two peaks and the efficiency of the column. This value was expressed as the ratio of
the distance between the two peak maxima to the mean value of the peak width at base (van Iterson
2005).

A value of RS>1.0 indicates acceptable resolution between peaks, while RS>1.5 indicates

complete baseline separation. The peak resolution was calculated as follows, where RT=retention time,
W=peak width measured at baseline, a=peak with shorter retention time, b=peak with longer retention
time (Dolan 2002):

RS =

2(RTa − RTb )
(Wa +Wb )

Concentration of Tocols from RBODD. Extraction variables tested include solvent, solvent-toRBODD ratio and concentration temperature (Table 4.2). Tocols were concentrated using the method of
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Ko and others (2008) with some modifications. Stock samples of 5 g RBODD were mixed with a solvent
in the ratios described below in a 250-ml flat-bottom flask (24/40 joint size).
Table 4.2
Concentration variables tested in this study
Solvent
Solvent:RBODD ratio
Acetonitrile
5:1
Methanol
10:1
Ethanol
15:1
20:1

Temperature (°C)
4
-20

The flask was fitted with a reflux condenser and the mixture was brought to boiling then refluxed
on a hot plate for 30 min to destroy volatiles and aggregative residues. The mixture was cooled to
ambient temperature and stored for 24 hours at 4 or -20°C in order to precipitate the cold insoluble sterols
from the soluble tocols. A sintered glass absorption filter was used to separate the liquid fraction from the
insoluble residue. The solvent was evaporated from the liquid fraction using a Speed Vac concentrator
(ThermoSavant, Holbrook, NY).
Extraction of Tocols from Concentrates.

Triplicate samples of 0.5 g were taken from stock

concentrates prepared using each combination of concentration variables. Each 0.5 g sample was mixed
with 4 ml of 5% (w/v) pyrogallol in ethanol and 30 ml of ethanol in a 120-ml flat-bottom flask along with a
stir bar. The flask was fitted with a reflux condenser and the mixture heated to boiling. Once boiling, the
condenser was removed and 1 ml of 50% (w/v) aqueous potassium hydroxide solution was added to the
mixture. The tocols were saponified at 70°C for 30 min with constant stirring. The flask was placed in an
ice bath to stop the reaction. The mixture was transferred to a 500-ml separatory funnel, and 30 ml
diethyl ether and 20 ml distilled water were added. The diethyl ether extraction was repeated two times
and the ether fractions were pooled. The pooled diethyl ether was washed three times with 20 ml distilled
water, and then filtered through anhydrous sodium sulfate for 30 min to remove any excess water. The
diethyl ether was evaporated using the Speed Vac concentrator.
Sample Preparation for HPLC Analysis. Extracts were resolubilized with hexane to a volume of 5
ml and filtered through a 0.45 µm Millipore membrane before injection into the HPLC. The tocols were
analyzed in triplicate using the HPLC conditions described previously.
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Quantification of Tocols. The tocol peaks for each sample were identified and the concentration
was calculated by comparing peak area against the standard curve equation.
tocol concentration (ppm) =

peak area − intercept
slope

This value was converted to display mg tocol isomer/g RBODD concentrate.

mg tocol
tocol concentration × final volume × dilution factor
=
g concentrate
initial sample weight
Statistical Analysis. Reported values represent the mean of triplicate samples prepared for each
treatment. Analysis of variance (ANOVA) was performed (JMP software v. 10.0, Cary, NC) to determine
significant differences (p<0.05) in total tocol concentration among various extraction treatments.

Results and Discussion
Analysis by Normal Phase-HPLC. With NP-HPLC, tocol separation occurs by adsorption based
on polarity, which is determined by the degree of methylation on their chromanol rings. The unsaturation
on the C16 tail makes tocotrienols slightly more polar than their corresponding tocopherols (Abidi 2000,
2003). Beta and gamma isomers have the same number of methyl groups, making complete separation
challenging.

Gamma isomers have 7,8-dimethyls, which increases their asymmetry and polarity

compared to beta isomers with 5,8-dimethyls (Kamal-Eldin and others 2000). The observed elution order
in this study corresponded with structural characteristics of the tocols and was as follows: α-T (9.6
min)!α-T3 (11.6 min)!β-T (14.3 min)! γ-T (16.2 min)!β-T3 (17.7 min)!γ-T3 (20.3 min)!δ-T (25.2
min)!δ-T3 (32.0 min).
Peak resolution was best using an isocratic mobile phase consisting of hexane (HX)/ethyl acetate
(EA)/acetic acid (AA) (97.3:1.8:0.9, v/v) (Figure 4.1). Resolution ranged from 1.4 to 4.1, indicating that
the eight vitamin E isomers were baseline separated. The lowest resolution (Rs=1.4) was seen between
γ-T and β-T3, due to their structural similarities, though the separation between these isomers was better
than previous studies that used the same mobile phase (Frattiani and others 2002; Panfili and others
2003). This may be due to use of different columns and/or flow rate.
There was a lack of separation of beta and gamma isomers with use of HX/MTBE and HX/IPA
mobile phases (Figures 4.2 and 4.3), as has been reported previously (Abidi 2000; Kamal-Eldin and
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others 2000).

Co-elution of these isomers resulted in Rs=0 for those mobile phases, indicating

incomplete separation of the vitamers.

Use of 1,4-dioxane (4%) in hexane provided satisfactory

separation of all eight E-vitamers, though resolution of beta and gamma isomers was not as strong as
when HX-EA-AA (97.3:1.8:0.9 v/v/v) was used.

The chromatograms obtained using HX-EA-AA

(98.4:0.8:0.8 v/v/v), HX-MTBE (96:4 v/v) HX-IPA (99.8:0.2 v/v), and isooctane-EA (97.6:2.4 v/v) failed to
resolve the peaks within the 35-minute run time, making these mobile phases less than ideal for tocol
analysis in this study (Figures 4.2A and 4.4).

Figure 4.1. Separation of a balanced mixture of tocopherols and tocotrienols on a Phenomenex Luna
-1

silica column using hexane-ethyl acetate-acetic acid (97.3:1.8:0.9 v/v/v) at 1.23 ml min . Peaks: α-T (αtocopherol), α-T3 (α-tocotrienol), β-T (β-tocopherol), γ-T (γ-tocopherol), β-T3 (β-tocotrienol), γ-T3 (γtocotrienol), δ-T (δ-tocopherol) and δ-T3 (δ-tocotrienol).
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Figure 4.2. Separation of a balanced mixture of tocopherols and tocotrienols on a Phenomenex Luna
silica column using various mobile phases: (A) hexane-ethyl acetate-acetic acid (98.4:0.8:0.8 v/v/v) at
-1

-1

1.23 ml min ; (B) hexane-1,4-dioxane (96:4 v/v) at 1.23 ml min and (C) hexane-methyl-tert-butyl ether
-1

(90:10 v/v) at 1.23 ml min .
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Figure 4.3. Separation of a balanced mixture of tocopherols and tocotrienols on a Phenomenex Luna
silica column using mixtures of isopropanol in hexane as mobile phases: (A) hexane-isopropanol
-1

-1

(98.8:1.2 v/v) at 1.00 ml min ; (B) hexane-isopropanol (99:1 v/v) at 1.00 ml min and (C) hexane-1

isopropanol (99.3:0.7 v/v) at 1.00 ml min .
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Figure 4.4. Separation of a balanced mixture of tocopherols and tocotrienols on a Phenomenex Luna
-1

silica column using various mobile phases: (A) hexane-methyl-tert-butyl ether (96:4 v/v) at 1.23 ml min ;
-1

(B) hexane-isopropanol (99.8:0.2 v/v) at 1.00 ml min and (C) isooctane-ethyl acetate (97.6:2.4 v/v) at
-1

1.23 ml min .
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Retention Time Drift with New Column. A new Luna Silica column (250 x 4.6 mm i.d., 5 µm
particle size) (Phenomenex, Torrance, CA) was purchased for analyzing tocols in RBODD samples. This
coincided with a retention time drift for all tocol isomers, resulting in a new run time of 50 min.

A

chromatogram of tocols in an RBODD sample is seen in Figure 4.5. In all samples, only seven tocol
isomers were detected: α-T, β-T, γ-T, δ-T, α-T3, γ-T3 and δ-T3. This result was the same as reported by
Ko and others (2003, 2008). The elution order remained the same, though the new retention times were
as follows: α-T (13.8 min)!α-T3 (16.4 min)!β-T (21.2 min)!γ-T (23.5)!γ-T3 (29.0 min)!δ-T (36.6
min)!δ-T3 (45.9 min).

Figure 4.5. Chromatogram of tocols in rice bran oil deodorizer distillate.
Concentration of Tocols from RBODD. Total tocol concentration was significantly affected by
solvent*ratio*temperature (p<0.0001).
Solvent Effects. Three solvents, including acetonitrile, methanol and ethanol were tested for their
effects on tocol concentration from RBODD. The level of total tocols was highest when acetonitrile was
used, followed by methanol and ethanol. Tocol content ranged from 118.8 mg/g using acetonitrile (10:1
at 4°C) to 76.5 mg/g using methanol (10:1 at -20°C) to 64.5 mg/g using ethanol (10:1 at 4°C). Acetonitrile
in 10:1 ratio at 4°C proved to be the most efficient combination of variables for all isomers, especially γ-T3
(44.6 mg/g). This concentration is significantly higher than those obtained using methanol (10:1 at -20°C)
and ethanol (10:1 at 4°C) at their best ratio/temperature combinations (25.5 mg/g and 20.0 mg/g,
respectively) (Table 4.3). Ethanol fractionation is commonly used in industrial purification of tocopherols
from soybean oil deodorizer distillate because sterols are insoluble in cold ethanol while tocopherols are
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soluble, though some tocopherols co-precipitate with sterols (Shimada and others 2000). However, this
study found acetonitrile to be the ideal solvent for tocol concentration from RBODD, which confirms
findings of Ko and others (2008). It should be noted that that differences in tocol levels between this
study and previous studies may be due to differences in deodorizer distillate sources.
Temperature Effects. As mentioned above, at 4°C acetonitrile concentrated the highest levels of
tocols from RBODD. This was true for all individual isomers as well as total tocols. At -20°C, α-T, δ-T
and δ-T3 were concentrated at similar levels using acetonitrile (5:1) and methanol (10:1) (Table 4.3). At
-20°C, methanol was the highest performing solvent at all ratios except 20:1.

This indicates that

temperature has a significant effect on tocol solubility in various solvents.
Ko and others (2008) did a similar study, testing temperatures ranging from 0°C to 40°C, and
found tocol levels to increase as temperature decreased, with -20°C being the optimal temperature for
acetonitrile to concentrate tocols from RBODD. In the present study, acetonitrile concentrated higher
levels of tocols at 4°C than at -20°C. Vitamin E melting point is 2.5-3.5°C, which likely contributed to
higher tocols at 4°C compared to -20°C in the present study, though this does not explain why tocol
concentration was highest at -40°C in the study by Ko and others (2008). These researchers also found
that

relative

percentage

of

tocotrienols

increased

significantly

with

decreasing

temperature,

corresponding with significantly decreasing percentage of tocopherols. In the current study, there was no
significant upward trend in relative percentages of tocotrienol with temperature decrease. The differing
temperature effects seen in these two studies may be due to differences in RBODD source and/or
solvent-to-RBODD ratios between the two studies.
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Table 4.3
†
Tocol concentrations in RBODD obtained using optimal ratio for each solvent at 4 and -20°C
Tocopherols
Tocotrienols
§
Temp (°C)
Solvent
Ratio
Total Tocols
α-T
β-T
γ-T
δ-T
α-T3
γ-T3
δ-T3
a
a
a
a
a
a
a
a
4
Acetonitrile 10:1
19.5
1.9
25.8
10.2
15.6
44.6
1.1
118.8
b
b
b
b
a
a
b
(16.4) (1.6) (21.7)
(8.6)
(13.2)
(37.6)
(0.9)
b
bc
b
bc
b
bc
ab
b
4
Methanol
15:1
14.3
1.3
18.6
6.8
7.8
23.9
0.8
73.3
a
b
a
b
b
c
b
(19.4) (1.8) (25.3)
(9.2)
(10.6)
(32.6)
(1.0)
bc
c
bc
c
b
cd
b
bc
4
Ethanol
10:1
12.8
1.1
16.8
6.3
6.9
20.0
0.6
64.5
a
b
a
b
b
cd
b
(19.8) (1.7) (26.1)
(9.8)
(10.7)
(30.9)
(0.9)
d
ab
d
a
b
cd
a
c
-20
Acetonitrile
5:1
6.4
1.7
8.2
9.4
6.8
19.2
1.1
52.8
c
a
c
a
a
ab
a
(12.2) (3.2) (15.5) (17.7)
(12.9) (36.4)
(2.1)
bc
ab
b
ab
b
b
ab
b
-20
Methanol
10:1
12.0
1.7
19.9
9.2
7.0
25.8
0.9
76.5
b
b
a
b
c
bc
b
(15.7) (2.3) (26.0) (12.1)
(9.2)
(33.7)
(1.1)
c
c
c
c
b
d
b
c
-20
Ethanol
15:1
11.1
1.2
14.1
5.8
5.7
16.0
0.7
54.5
a
b
a
b
b
d
b
(20.3) (2.2) (25.8) (10.6)
(10.5)
(29.4)
(1.3)
†

Means of three replicates (mg/g concentrate). Values in parenthesis refer to the percent distribution of each tocol.
Means within columns followed by the same letter are not significantly different (p<0.05).
§
Tocols: tocopherols + tocotrienols.
T, tocopherol; T3, tocotrienol.
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Solvent-to-RBODD Ratio Effects. The optimal solvent-to-RBODD ratio was 10:1 across all
solvents (Figure 4.6). For the best solvents at each temperature (acetonitrile at 4°C and methanol at 20°C) the higher ratios (15:1, 20:1) were less efficient in tocol concentration. This may be due to excess
solvent facilitating tocol crystallization, specifically at -20°C (Roland Verhé, personal communication, 13

th

April 2012).

Figure 4.6. Tocol concentration in RBODD using all combinations of concentration variables.
Bars represent ± SEM (n=3).
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Tocol Distribution in RBODD. The tocol composition of RBODD obtained using acetonitrile (10:1
at 4°C) is shown in Table 4.4.
Table 4.4
Tocol Composition of Rice Bran Oil Deodorizer Distillate
Tocol (percent)
Tocopherol
Tocotrienol
Alpha
34
25
Beta
3
Gamma
45
73
Delta
18
2

The tocotrienol and tocopherol compositions found in the present study differ slightly from those
reported in previous studies (Orthoefer 2005; Ko and others 2008). This variation may be attributed to
differences in rice cultivar and source, environmental effects and deodorizer distillate origin (Bergman and
Xu 2003; Ko and others 2008).
The distribution of the tocol isomers in RBODD is shown in Figure 4.7. γ-T and γ-T3 were the
predominant tocols, followed by the alpha isomers. α-T has shown an antagonistic effect on health
benefits of γ-T3 and δ-T3 (Qureshi and others 1996, 2000a; Shibata and others 2010). In order to
produce a tocol-rich fraction from RBODD that is high in γ-T3, purification measures need to be
developed to minimize the proportion of alpha isomers present in the fraction. It is possible that this may
be achieved using flash chromatography.

Figure 4.7. Distribution of tocols in RBODD.
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Conclusion
-1

NP-HPLC using hexane-ethyl acetate-acetic acid (97.3:1.8:0.9 v/v/v) (1.23 ml min ) was shown
to be an effective method for separating and quantifying tocols from rice bran oil deodorizer distillate. This
by-product of the rice industry is a rich source of tocopherols and tocotrienols, especially γ-T3.
Acetonitrile in a 10:1 solvent-to-distillate ratio with an incubation temperature of 4°C may be used to
efficiently concentrate tocols from RBODD. Alpha and gamma isomers were the predominant tocols
present in RBODD. It is possible that flash chromatography may be able to purify a tocotrienol-rich
fraction from RBODD while minimizing presence of alpha isomers, which have been shown to have
antagonistic effects on tocotrienols.
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CHAPTER 5
ISOLATION OF GAMMA-TOCOTRIENOL FROM RICE BRAN OIL DEODORIZER DISTILLATE USING
FLASH CHROMATOGRAPHY
Abstract
The tocols [alpha (α-T), beta (β-T), gamma (γ-T) and delta (δ-T) tocopherols; alpha (α-T3), beta
(β-T3), gamma (γ-T3), and delta (δ-T3) tocotrienols] make up the vitamin E family of antioxidants. These
compounds are known to have many health benefits, especially γ-T3, which has been shown to protect
against harmful effects of radiation exposure. However, it has been proposed that co-administration with
α-T may interfere with the radioprotective properties of γ-T3. The objective of this study was to test
various flash chromatography conditions for the purification of a fraction with a high proportion of γ-T3
and a minimal amount of alpha isomers from tocol extract obtained from rice bran oil deodorizer distillate.
Load size (0.125 g, 0.250 g, 0.500 g, 1.000 g), sample cartridge type (prepacked silica cartridge, empty
cartridge+Celite 545) and mobile phase gradient (varying proportions of hexane-acetic acid (99.1:0.9 v/v)
and ethyl acetate-acetic acid (99.1:0.9 v/v)) were evaluated.

Among the loading sizes tested, the

smallest sample size (0.125 g) provided the best peak resolution. Loading the sample onto a silica
cartridge allowed for enhanced peak separation, due to a double pass of sample through silica gel. A
linear addition of 0.8% ethyl acetate/acetic acid (99.1:0.9 v/v) to hexane/acetic acid (99.1:0.9 v/v)
provided a fraction with 69.3 mg/g extract γ-T3, which was 2-fold lower than the most pure γ-T3 fraction
obtained using hexane/ethyl acetate/acetic acid (97.3/1.8/0.9) as an isocratic mobile phase. However, γT3 purity was 96.5% (with no alpha isomers present) with addition of 0.8% EA/AA compared to 47.0%
with the isocratic mobile phase. Therefore, the ideal flash chromatography method should be determined
based on end usage of γ-T3.
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Introduction
Rice bran oil (RBO) is produced by extracting oil from the heat stabilized rice bran, either by
hydraulic pressing or solvent extraction. Crude RBO goes through a series of refining steps, including
degumming, neutralization, bleaching, dewaxing, winterization and deodorization. Deodorization employs
high heat steam distillation to remove volatile compounds that could give RBO undesirable flavor or odor.
Unsaponifiables, such as vitamin E and sterols, are also removed from the oil resulting in deodorizer
distillate with a high level of these compounds. Up to 90% of the tocotrienols present in rice bran may be
lost to the deodorizer distillate during the refining process (Nicolosi and others 1994).
Vitamin E is a family made up of of eight major lipid-soluble antioxidants: d-α-tocopherol (α-T), dβ-tocopherol (β-T), d-γ-tocopherol (γ-T), d-δ-tocopherol (δ-T), d-α-tocotrienol (α-T3), d-β-tocotrienol (βT3), d-γ-tocotrienol (γ-T3) and d-δ-tocotrienol (δ-T3). Tocopherols and tocotrienols, collectively called
tocols, have a 6-chromanol ring at the base of their structure with a hydrocarbon chain at the 2-position.
The structures of these vitamin E groups differ only in the degree of saturation of their hydrophobic tail,
with tocopherols being fully saturated and tocotrienols containing three double bonds (Schauss 2008). α-,
β-, γ- and δ-tocols are characterized by the number and position of methyl substituents on the aromatic
ring (DellaPanna 2005).
α-T is the only vitamin E compound to meet dietary vitamin E requirements due to its preferential
retention in the body by hepatic α-T transfer protein (α-TTP) (DellaPanna 2005). However, all tocols have
antioxidant activity and may protect against oxidative stress, which has been linked to many diseases,
such as cancer, cardiovascular disease, diabetes, neurodegenerative diseases (e.g. Alzheimer’s,
Parkinson’s), among others (Cross 1987; Schauss 2008). Rice bran (RB) and RBO consumption has
been shown to reduce cholesterol in numerous studies (Kahlon and others 1991; Qureshi and others
2002; Ausman and others 2005; Most and others 2005; Eady and others 2011). These studies suggest
that the hypocholesterolemic ability of RB products is due to the unsaponifiable content, specifically
tocotrienols, including γ-T3, and their ability to inhibit HMG-CoA reductase, the rate-limiting enzyme in
cholesterol biosynthesis (Kerckhoffs and others 2002). Tocotrienols have also been shown to have much
more potent antiproliferative and apoptotic effects on carcinogenic cells than tocopherols (McIntyre and
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others 2000a). γ-T3 and δ-T3 are generally considered to be the strongest anti-carcinogenic agents of
the tocol family (Sen and others 2006).
It is of special importance due to the recent earthquake-induced nuclear situation at Fukushima
and the rising threat of radiological terrorism that tocols, especially γ-T3, have the ability to act as
radiation countermeasures (Kumar and others 2008).

Several studies have been conducted that

investigate the degree to which γ-T3 ameliorates radiation injury. Treatment with γ-T3 in irradiated mice
resulted in increased survival rates, improved hematopoietic recovery and reduced vascular oxidative
stress caused by irradiation (Ghosh and others 2009; Berbée and others 2009, 2010, 2011b). It has been
suggested that δ-T3 may also provide some significant radioprotective potential (Li and others 2010).
Outside of emergency nuclear situations, the radioprotective effects of γ-T3 and δ-T3 may be useful in
therapy for radiation treatments in cancer patients as well (Kumar and others 2008).

However, co-

administration of α-T caused interference with the hypocholesterolemic and anti-carcinogenic effects of γT3 and δ-T3, and may adversely affect the radioprotective properties of γ-T3 (Qureshi and others 1996,
2000a; Shibata and others 2010).
There exists a need to isolate tocotrienol rich fraction (TRF) from RBODD that contains a high
proportion of γ-T3, while minimizing the presence of alpha isomers. Flash chromatography is commonly
used for fractionation of mixtures, employing short columns packed with intermediate size particles (40-60
µm) with accelerated solvent flow achieved by modest pressure. While resolution is poorer than obtained
by HPLC, operating costs and time are lower (Poole 2003). Flash chromatography has been used by
Qureshi and others (2000a, 2000b, 2001b, 2002) to isolate a TRF from rice bran, with diethyl ether as
elution solvent. It would be desirable to develop a method that avoids use of ether, which poses serious
safety hazards. An application note by Teledyne Isco, Inc. (AN27, n.d.) used a diol column and a linear
gradient of increasing isopropanol in hexane to purify tocopherols from corn and soybean oils. It is
possible that flash chromatography conditions may be optimized to obtain a fraction rich in γ-T3 for use in
clinical trials to research radioprotective properties of γ-T3 in humans.
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Materials and Methods
Apparatus. Separations were made using a CombiFlash Rf system with a 340CF evaporative
light scattering detector (ELSD) (Teledyne Isco, Inc., Lincoln, NE). Fractions were analyzed by normalphase HPLC consisting of a Waters Alliance 2690 separations module, a Waters 474 fluorescence
detector, and Empower 2 Pro Software (Waters Corp., Milford, MA).

Peaks were detected at an

excitation wavelength of 294 nm and an emission wavelength of 326 nm. HPLC separations were carried
out on a Luna Silica column (250 x 4.6 mm i.d., 5 µm particle size) (Phenomenex, Torrance, CA). Mobile
-1

phase was hexane-ethyl acetate-acetic acid (97.3/1.8/0.9 v/v/v, 1.23 ml min ), which was optimized in a
previous study (See Chapter 4).
Materials. Rice bran oil deodorizer distillate (RBODD) samples were provided by Riceland Foods
(Jonesboro, AR).

The samples were combined and thoroughly mixed to ensure consistent tocol

distribution, and divided into screw-top 50-ml bottles, with 50-60 g per bottle. Samples were stored at 80°C, and individual bottles were thawed when needed for extraction by incubating at room temperature
for 4-5 hours, or until product was free of ice crystals. Each bottle of RBODD was mixed thoroughly
before removing individual sample.

Standards of α-, β-, γ- and δ-tocotrienols and α-, β-, γ- and δ-

tocopherols (94-95% purity) were purchased from Yasoo Health, Inc. (Johnson City, TN).
Sample Preparation. Tocol extracts were prepared according to the method described in Chapter
4. In short, 5 g RBODD were mixed with 50 ml acetonitrile in a 250-ml flat-bottom flask (24/40 joint size).
The flask was fitted with a reflux condenser and the mixture was brought to boiling then refluxed on a hot
plate for 30 min to destroy volatiles and aggregative residues.

The mixture was cooled to ambient

temperature and stored for 24 hr at 4°C in order to precipitate the cold insoluble sterols from the soluble
tocols. A sintered glass absorption filter was used to separate the liquid fraction from the insoluble
residue.

The solvent was evaporated from the liquid fraction using a Speed Vac concentrator

(ThermoSavant, Holbrook, NY) to produce tocol concentrate. The resulting tocol concentrate (~1.75 g)
was mixed with 14 ml of 5% (w/v) pyrogallol in ethanol and 105 ml ethanol in a 250-ml flat-bottom flask
along with a stir bar. The flask was fitted with a reflux condenser and the mixture was heated to boiling.
Once boiling, the condenser was removed and 3.5 ml of 50% (w/v) aqueous potassium hydroxide solution
was added to the mixture. The tocols were saponified at 70°C for 30 min with constant stirring. The flask
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was placed in an ice bath to stop the reaction. The mixture was transferred to a 500-ml separatory
funnel, and 105 ml diethyl ether and 70 ml distilled water were added. The diethyl ether extraction was
repeated two times and the ether fractions were pooled. The pooled diethyl ether was washed three
times with 70 ml distilled water and then filtered through anhydrous sodium sulfate for 30 min to remove
any excess water. The diethyl ether was evaporated using the Speed Vac concentrator to produce tocol
extract.
Load Capacity. The loading study was conducted using prepared tocol extract and 12 g RediSep
Rf Gold normal phase silica columns (20-40 µm particle size) (Teledyne Isco, Inc., Lincoln, NE). This
column size has a sample load capacity ranging from 60 mg to 1.2 g. The following load sizes were
tested for peak resolution: 0.125 g, 0.250 g, 0.500 g and 1.000 g. Samples were dissolved in hexane,
mixed with 5 g Celite 545 (Sigma-Aldrich, St. Louis, MO), dried using a rotary evaporator and packed into
5-g sample load cartridges. Single samples were used in order to preserve extract stock extract. For this
study, the mobile phase consisted of hexane/ethyl acetate/acetic acid (97.3:1.8:0.9 v/v) for 17 min,
followed by neat ethyl acetate for 3 min.
Sample Cartridge Type. The optimal sample load size was tested on two types of RediSep Rf
solid load cartridges (Teledyne Isco, Inc., Lincoln, NE):

5-g empty disposable cartridge and 5-g

prepacked disposable silica cartridge. The empty cartridge was prepared by filling the cartridge with a
slurry mixture of the dissolved sample and Celite 545 (supporting media).

For the prepacked silica

cartridge preparation, sample was pipetted onto the top of the cartridge. The ideal cartridge was chosen
based on peak resolution. For this study, the mobile phase consisted of hexane-ethyl acetate-acetic acid
(97.3:1.8:0.9 v/v/v) for 17 min, followed by neat ethyl acetate for 3 min.
Gradient Optimization. The flash chromatography system allows for easy control of mobile phase
gradient. The mobile phase consisted of a binary gradient of hexane-acetic acid (99.1:0.9 v/v) (A) and
ethyl acetate-acetic acid (99.1:0.9 v/v) (B). The flow rate was 30 ml/min with various linear gradients as
follows:
Table 5.1
Binary gradients tested on flash chromatography
Gradient System ID Number
Time
1
2
3
4
0-50 min
0-0.8% B
0-1.3% B
0-1.8% B
0-2.3% B
50-55 min
100% B
100% B
100% B
100% B
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The gradient systems in Table 5.1 were compared against the optimal mobile phase for tocol
analysis determined previously (Chapter 4), which was an isocratic system consisting of hexane-ethyl
acetate-acetic acid (97.3:1.8:0.9 v/v/v). The isocratic mobile phase was run for 50 min, followed by neat
ethyl acetate at 50-55 min to ensure removal of all compounds from the system (system 5).
Comparison of Two Flash Chromatography Gradient Systems for Isolation of GammaTocotrienol. The gradient system in Table 5.1 that provided fractions with the highest levels of γ-T3 with
minimal presence of other isomers was chosen for tocol quantification. Duplicate samples of 0.125 g
extract were pipetted onto prepacked silica cartridges and fractionated by flash chromatography using
systems 1 and 5 (described above).

Fractions were collected, dried down using the Speed Vac

concentrator and brought to 5 ml with hexane.
membrane before injection into the HPLC.

Samples were filtered through a 0.45 µm Millipore

The tocols were analyzed in duplicate using the HPLC

conditions described previously.
Quantification of Tocols. The tocol peaks for each sample were identified and the concentration
was calculated by comparing peak area against the standard curve equation.
tocol concentration (ppm) =

peak area − intercept
slope

This value was converted to display mg tocol isomer/g RBODD extract.

mg tocol tocol concentration × final volume × dilution factor
=
g extract
initial sample weight
Statistical Analysis. Reported values represent the mean of duplicate samples prepared using
each gradient system. Isomer concentrations and relative percentages for each fraction were analyzed
by means comparison with student’s t-test (p<0.05) (JMP software v. 10.0, Cary, NC).

Results and Discussion
Load Capacity.

Extract samples were loaded onto Celite and packed into empty sample

cartridges. Exact load sizes tested for peak resolution were: 0.125 g (Figure 5.1), 0.260 g (Figure 5.2),
0.502 g (Figure 5.3) and 1.007 g (Figure 5.4). For all samples, ELSD detected 6-7 peaks. At the higher
load sizes, peak separation was poor and peaks were very broad with some exceeding the threshold of
the detector. As load size decreased, resolution improved with the smallest load size providing best peak
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resolution. This was expected, as separation efficiency generally decreases as loading amount increases
due to the larger sample size exceeding the column capacity (Wan and others 2008).

Although all load

sizes tested fall within the capacity of the column (60 mg to 1.2 g), some overload occurred in the larger
sample sizes (0.502 g and 1.007 g).

This was evident by an overlap of neighboring peaks and a

decrease in peak resolution. This is in agreement with previous column chromatography work (Wan and
others 2008).

Figure 5.1. Chromatogram obtained using flash chromatography with 0.125 g extract mixed with Celite
545 and packed into an empty 5-g cartridge. Gradient mobile phase was 100% hexane-ethyl acetateacetic acid (97.3:1.8:0.9 v/v/v) (17 min)!100% ethyl acetate (3 min).
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Figure 5.2. Chromatogram obtained using flash chromatography with 0.260 g extract mixed with Celite
545 and packed into an empty 5-g cartridge. Gradient mobile phase was 100% hexane-ethyl acetateacetic acid (97.3:1.8:0.9 v/v/v) (17 min)!100% ethyl acetate (3 min).

Figure 5.3. Chromatogram obtained using flash chromatography with 0.502 g extract mixed with Celite
545 and packed into an empty 5-g cartridge. Gradient mobile phase was 100% hexane-ethyl acetateacetic acid (97.3:1.8:0.9 v/v/v) (17 min)!100% ethyl acetate (3 min).
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Figure 5.4. Chromatogram obtained using flash chromatography with 1.007 g extract mixed with Celite
545 and packed into an empty 5-g cartridge. Gradient mobile phase was 100% hexane-ethyl acetateacetic acid (97.3:1.8:0.9 v/v/v) (17 min)!100% ethyl acetate (3 min).
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Sample Cartridge Type. The sample size that provided best resolution in the loading capacity
study (~0.125 g) was used to determine which cartridge type gave best peak separation. When sample
was mixed with Celite 545 and packed into an empty cartridge, 6 peaks were resolved (Figure 5.1).
These peaks had slight shoulders, indicating tocol isomers were not fully separated. When sample was
placed onto a pre-packed silica cartridge, 9-10 peaks were detected, which were more clearly separated
due to the double pass of sample through silica (Figure 5.5). Use of the silica cartridge allows more time
for interaction between tocols and silica, resulting in greater separation of the compounds.

Figure 5.5. Chromatogram obtained using flash chromatography with 0.129 g extract loaded into a prepacked 5-g silica cartridge. Gradient mobile phase was 100% hexane-ethyl acetate-acetic acid
(97.3:1.8:0.9 v/v/v) (17 min)!100% ethyl acetate (3 min).
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Gradient Optimization. The flash chromatograms for the isocratic mobile phase and the four
gradient systems (Table 5.1) are shown in Figures 5.6-5.10. Table 5.2 shows the tocol compositions of
the labeled fractions in Figures 5.6 and 5.7. Compounds eluted very quickly (within 15 min) using 100%
HX-EA-AA (97.3/1.8/0.9 v/v/v), resulting in co-elution (Figure 5.6). The gradient system which involved
adding 0.8% EA-AA (99.1:0.9 v/v) to HX-AA (99.1:0.9 v/v) (Figure 5.7) provided the best peak resolution
of all gradients tested.

As the proportion of EA-AA (99.1:0.9 v/v) was increased, peak resolution

decreased though co-elution was still evident by slight shoulders (Figures 5.8-5.9). Peaks were analyzed
by HPLC to determine which fractions contained the highest proportion of γ-T3 compared to α-T and αT3. Addition of 0.8% EA-AA yielded more fractions with high levels of γ-T3 and low presence of other
isomers, especially alpha isomers (Figure 5.7). Addition of 2.3% of the ethyl acetate mixture was unable
to separate the isomers (Figure 5.10). This resulted in fractions with both alpha and gamma isomers
present in large amounts, and no fractions that contained only γ-T3.

Figure 5.6. Chromatogram obtained using flash chromatography with 0.127 g extract loaded onto a 5-g
prepacked silica cartridge. Gradient mobile phase was 100% hexane-ethyl acetate-acetic acid
(97.3:1.8:0.9 v/v/v) (50 min)!100% ethyl acetate (5 min). Letters indicate individual peaks.
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Figure 5.7. Chromatogram obtained using flash chromatography with 0.132 g extract loaded onto a 5-g
prepacked silica cartridge. Gradient mobile phase was slow addition of 0.8% ethyl acetate-acetic acid
(99.1:0.9 v/v) to hexane-acetic acid (99.1:0.9 v/v) (50 min)!100% ethyl acetate-acetic acid (99.1:0.9 v/v)
(5 min). Letters indicate individual peaks.

Figure 5.8. Chromatogram obtained using flash chromatography with 0.127 g extract loaded onto a 5-g
prepacked silica cartridge. Gradient mobile phase was slow addition of 1.3% ethyl acetate-acetic acid
(99.1:0.9 v/v) to hexane-acetic acid (99.1:0.9 v/v) (50 min)!100% ethyl acetate-acetic acid (99.1:0.9 v/v)
(5 min).
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Figure 5.9. Chromatogram obtained using flash chromatography with 0.130 g extract loaded onto a 5-g
prepacked silica cartridge. Gradient mobile phase was slow addition of 1.8% ethyl acetate-acetic acid
(99.1:0.9 v/v) to hexane-acetic acid (99.1:0.9 v/v) (50 min)!100% ethyl acetate-acetic acid (99.1:0.9 v/v)
(5 min).

Figure 5.10. Chromatogram obtained using flash chromatography with 0.130 g extract loaded onto a 5-g
prepacked silica cartridge. Gradient mobile phase was slow addition of 2.3% ethyl acetate-acetic acid
(99.1:0.9 v/v) to hexane-acetic acid (99.1:0.9 v/v) (50 min)!100% ethyl acetate-acetic acid (99.1:0.9 v/v)
(5 min).
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Comparison of Two Flash Chromatography Gradient Systems for Isolation of GammaTocotrienol. Tocols were quantified for both the fractions obtained by the 0.8% EA-AA gradient (Figure
5.7) as well as the isocratic mobile phase (Figure 5.6). The concentration of tocols and their relative
percentages is shown for each fraction obtained using these methods in Table 5.1 and Figures 5.11 and
5.12. Elution order followed the expected pattern, with early fractions containing alpha isomers, followed
by beta, gamma and delta isomers. δ-T3 was not present in detectable amounts in any of the fractions.
System 1 (0.8% EA-AA gradient) fractions A and B contained very small levels of alpha tocols,
while fractions G and H did not contain tocols in any detectable amount. The majority of tocols eluted in
fractions D, E and F for system 1. Fraction D was composed mostly of equal amounts of α-T and α-T3,
with negligible amounts of β-T and γ-T. Composition shifted from alpha isomers to gamma isomers in
fraction E, with 79.2 mg γ-T/g extract and minor amounts of β-T, β-T3 and α-T3. γ-T3 content was low in
fraction E (3.7 mg/g) though it comprised 96.5% of fraction F with 69.3 mg/g.
System 5 (isocratic conditions) fractions A, B, F and G contained no tocols, with the majority of
tocols eluting in fractions C, D and E. As with the equivalent fraction in system 1, system 5 fraction C
contained mostly α-T and T3, with concentrations of 48.9 mg/g and 4.5 mg/g, respectively. Fraction D
contained mostly α-T3 (27.1 mg/g) with minor amounts of α-T, β-T and γ-T. Fraction E consisted of 47%
γ-T3 with 138.2 mg/g. However, this fraction still contained a large amount of γ-T (106.7 mg/g) as well as
low levels of β-T, δ-T and α-T3.
Both of the methods in the present study were able to isolate fractions that contain a high
proportion of γ-T3 with minimal presence of alpha isomers, with much higher γ-T3 purity than a previous
study by Qureshi and others (2000a).

These researchers used hexane-ether elution by flash

chromatography to prepare a tocol-rich fraction from rice bran extracts, which contained only 33.5% γ-T3,
in addition to 6% α-T, 12.5% α-T3, 10% δ-T and T3, 9.6% d-P21-T3, 10.4% d-P25-T3 and 8% unidentified
tocol isomers.
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Table 5.1
Concentration and relative percentage of tocol isomers for fractions obtained by flash chromatography using different
†
gradient conditions
Tocopherols
Tocotrienols
Total
Total
Total
Gradient
Fraction
§
Ts
T3s
Tocols
α-T
β-T
γ-T
δ -T
α -T3
β -T3
γ-T3
δ-T3
1
0.8% EA/AA
A
0.3
0.6
0.3
0.6
0.9
(33.3)
(66.7)
(33.3)
(66.7)
0.8% EA/AA
C
0.3
0.3
0.3
(100)
(100)
0.8% EA/AA
D
55.9
1.6
0.9
55.5
57.1
55.5
112.6
(49.6)
(1.3)
(0.8)
(49.3)
(50.7)
(49.3)
0.8% EA/AA
E
5.3
79.2
0.3
1.0
3.7
81.9
5.0
84.4
(5.5)
(94.7)
(0.3)
(1.0)
(3.8)
(97.4)
(5.2)
0.8% EA/AA
F
1.5
4.2
0.4
69.3
5.7
69.5
72.3
(1.7)
(4.8)
(0.5)
(96.5)
(6.5)
(96.8)
0.8% EA/AA
G
0.8% EA/AA
H
2
Isocratic
A
Isocratic
B
Isocratic
C
48.9
4.5
48.9
4.5
53.4
(91.8)
(8.2)
(91.8)
(8.2)
Isocratic
D
1.6
1.5
2.4
27.1
5.4
27.1
32.4
(5.1)
(4.9)
(7.9)
(82.1)
(17.9)
(82.1)
Isocratic
E
3.1
106.7
46.2
2.3
138.2
156.0
139.4
295.3
(1.0)
(36.0) (15.7)
(0.7)
(47.0)
(52.7)
(47.3)
Isocratic
F
Isocratic
G
†

Means of two replicates (mg/g extract). Values in parentheses refer to the relative percent distribution of each tocol per total
concentration of tocols in each respective fraction.
1
Indicates the gradient system consisting of 0.8% ethyl acetate-acetic acid (99.1:0.9 v/v) + hexane-acetic acid (99.1:0.9 v/v)
(50 min)!100% ethyl acetate-acetic acid (99.1:0.9 v/v) (5 min) (system 1).
2
Indicates the gradient system consisting of 100% hexane-ethyl acetate-acetic acid (97.3:1.8:0.9 v/v/v) (50 min)!100% ethyl
acetate (5 min) (system 5).
§
Tocols: tocopherols + tocotrienols.
T, tocopherol; T3, tocotrienol.
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Relative percentages of the predominant isomer in each fraction are shown in Figures 5.11 and
5.12. Although system 5 provided a single fraction with a higher concentration of γ-T3, system 1 provided
a significantly more pure fraction of γ-T3 (96.5% in fraction F compared to 47% in fraction E with system
5) (p=0.0055). Therefore, end usage of γ-T3 may determine which gradient system is preferred. Clinical
trials with γ-T3 may prefer system 1 due to the purity of the γ-T3 fraction. The opposite trend was seen
for α-T, with a significantly more pure (91.8%) fraction with system 5 (fraction C) compared to 49.6% pure
α-T fraction with system 1 (fraction D) (p=0.0002). δ-T purity was also significantly higher with system 5
(fraction E) compared to system 1 (fraction F) (p=0.0243), though γ-T purity was better with system 1
(fraction E) compared to system 5 (fraction E) (p=0.0083). In terms of isomer concentrations for each
fraction, there was no significant difference between among the two gradients tested.

Figure 5.11. Composition of fractions obtained using system 1 gradient mobile phase of 0.8% ethyl
acetate-acetic acid (99.1:0.9 v/v) to hexane-acetic acid (99.1:0.9 v/v) (50 min)!100% ethyl acetate-acetic
acid (99.1:0.9 v/v) (5 min). Fraction letters correspond with letters in Figure 5.10. Relative percentages
of the predominant isomers in each fraction are shown.
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Figure 5.12. Composition of fractions obtained using obtained System 5 gradient mobile phase of 100%
hexane-ethyl acetate-acetic acid (97.3:1.8:0.9 v/v/v) (50 min)!100% ethyl acetate (5 min). Fraction
letters correspond with letters in Figure 5.11. Relative percentages of the predominant isomers in each
fraction are shown.

Conclusion
The results of this study provide an adequate flash chromatography method for isolating γ-T3 with
little presence of other tocol isomers from RBODD tocol extract. Peak resolution was best with a load size
of ~1% column capacity and a 5-g silica sample cartridge coupled with a 12-g silica column. A linear
gradient of 0.8% ethyl acetate-acetic acid (99.1:0.9 v/v) to hexane-acetic acid (99.1:0.9 v/v) (50
min)!100% ethyl acetate-acetic acid (99.1:0.9 v/v) (5 min) gave a fraction (F) with 96.5% γ-T3, which
contained 69.3 mg/g. The purity of γ-T3 using these conditions was better than the fraction (E) obtained
using 100% hexane/ethyl acetate-acetic acid (97.3:1.8:0.9 v/v) (50 min)!100% ethyl acetate (5 min),
which contained 47.0% γ-T3.
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CHAPTER 6
OVERALL CONCLUSION
Rice bran oil deodorizer distillate (RBODD) is a rich source of tocopherols and tocotrienols,
especially γ-T3. Research shows that all of the tocol isomers provide some health benefit, including
protecting against oxidative stress, lowering cholesterol, and ameliorating radiation injury. Therefore,
there is a need for acceptable extraction and analysis method for isolation of these isomers. Acetonitrile
in a 10:1 solvent-to-distillate ratio with an incubation temperature of 4°C may be used to efficiently
concentrate tocols from RBODD.

Normal-phase HPLC using hexane-ethyl acetate-acetic acid
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(97.3:1.8:0.9 v/v/v) (1.23 ml min ) was shown to be an effective method for separating and quantifying
tocols from RBODD. It is important to note that alpha and gamma isomers were the predominant tocols
present in RBODD because co-administration of alpha isomers have been shown to have antagonistic
effects on the health beneficial properties of tocotrienols. Flash chromatography may be a useful method
for obtaining a fraction from RBODD that is rich in γ-T3 with a minimal proportion of alpha tocol isomers.
This study showed that a smaller loading sample size provided best peak resolution in a flash
chromatography system, especially when the sample was placed onto a silica cartridge. A linear gradient
involving the addition of 0.8% ethyl acetate-acetic acid (99.1:0.9 v/v) to hexane-acetic acid (99.1:0.9 v/v)
over 50 min was shown to provide a 96.5% pure fraction of γ-T3 (69.3 mg/g extract) with 0% α-tocol. Use
of isocratic mobile phase hexane-ethyl acetate-acetic acid (97.3:1.8:0.9 v/v/v) provided a less pure γ-T3
fraction (47.0%), though concentration was higher (138.2 mg/g).

Therefore, the ideal flash

chromatography method should be chosen according to the end purpose of the γ-T3 fraction.
The advantage of flash chromatography is that it uses less solvent than a semi-preparative
HPLC, though separation is not as complete and sample preparation is lengthy. Therefore, it is possible
that this system may be the best route to take for routine separation of tocol isomers from RBODD,
especially γ-T3. For future studies, other solvent and gradient conditions should be evaluated for the
ability to provide more complete baseline separation of all eight tocol isomers. There is also a need to
develop a flash chromatography method capable of isolating γ-T3 with minimal sample preparation in
order to reduce time and solvent usage required by the current method. Finally, scale-up on the flash
chromatography system should be optimized in order to extract larger quantities of tocols from RBODD.
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